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PREFACE 

T h i s  volume p r e s e n t s  the  p r o c e e d i n g s  o f  the S p a c e  

Communica t ions  I n s t i t u t e ,  and  i n c l u d e s  the digests  a n d  

a b s t r a c t s  o f  t e c h n i c a l  p a p e r s  w h i c h  w e r e  p r e s e n t e d  a t  

the I n s t i t u t e .  
I n  a n  e f f o r t  t o  o f f e r  a d v a n c e d  t e c h n i c a l  t r a i n i n g  

i n  s p a c e  s c i e n c e  a n d  t e c h n o l o g y ,  the U n i v e r s i t y  o f  

M a r y l a n d ,  t h r o u g h  the U n i v e r s i t y  College and  C o l l e g e  o f  
A r t s  and  S c i e n c e s ,  j o i n e d  w i t h  the N a t i o n a l  A e r o n a u t i c s  

and  S p a c e  A d m i n i s t r a t i o n  i n  c o n d u c t i n g  the S p a c e  Com- 

m u n i c a t i o n s  I n s t i t u t e .  The  program a f f o r d e d  p a r t i c i p a n t s  

a n  o p p o r t u n i t y  t o  meet a n d  h e a r  o u t s t a n d i n g  a u t h o r i t i e s  

i n  v a r i o u s  a r e a s  o f  s p a c e  c o m m u n i c a t i o n s .  T h e s e  d i s t i n -  

g u i s h e d  s c i e n t i s t s  p r e s e n t e d  the f u n d a m e n t a l s ,  a n d  the 

r e c e n t  d e v e l o p m e n t s  and  modern t h e o r e t i c a l  methods i n  

the f i e l d .  
The I n s t i t u t e  was  d e s i g n e d  t o  g i v e  s c i e n t i s t s  a n d  

e n g i n e e r s  w o r k i n g  i n  o n e  p a r t i c u l a r  s p e c i a l i z e d  f i e l d  
a n  o p p o r t u n i t y  t o  g a i n  a l i m i t e d  t h e o r e t i c a l  w o r k i n g  

knowledge  i n  n e i g h b o r i n g  f i e l d s  and  t o  i n f o r m  t h e m  of 
new p r i n c i p l e s  i n  r e l a t e d  f i e l d s .  P e r s o n s  i n v o l v e d  i n  

the s o l u t i o n  of complex  s p a c e  c o m m u n i c a t i o n s  p r o b l e m s  

w e r e  g i v e n  a n  o p p o r t u n i t y  t o  a c q u i r e  s e l e c t i v e  b a s i c  

knowledge  c o n d e n s e d  f rom l a r g e  s u b j e c t  a r e a s .  The I n -  

s t i t u t e  w a s  f u r t h e r  d e s i g n e d  t o  p r o v i d e  a f e r t i l e  g r o u n d  

f o r  the l i v e l y  i n t e r c h a n g e  o f  i d e a s  b e t w e e n  the p a r t i c i p a n t s .  
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INTRODUCTION 

A NEW APPROACH 

b y  

F. J. T i s c h e r  

“ S p a c e  Communica t ions ,  ’’ i n  a w i d e r  s e n s e  of th i s  t e r m ,  

d e a l s  w i t h  a l l  o p e r a t i o n s  i n  s p a c e  s c i e n c e  a n d  e n g i n e e r i n g  

where r a d i o  is i n v o l v e d .  W i t h  t h i s  d e f i n i t i o n ,  r a d i o  a n d  

radar  a s t r o n o m y ,  t e l e m e t r y ,  c o m m u n i c a t i o n  b y  r a d i o  l i n k s ,  

t r a c k i n g ,  r a d i o  n a v i g a t i o n  and  g u i d a n c e ,  and  s p a c e  e x p l o r a -  

t i o n  b y  rad io  b e l o n g  i n  this c a t e g o r y  o f  s p a c e  work. The 

theoret ical  f u n d a m e n t a l s  of a l l  the- ~iubjects are==, as f a r  

a s  r a d i o  i s  c o n c e r n e d ,  a r e  the same. 

L o o k i n g  a t  these s u b j e c t  a r e a s  f r o m  t h i s  p o i n t  of v i e w  

is somewhat u n u s u a l .  A c c o r d i n g  t o  the u s u a l  c o n c e p t ,  s c i e n -  

tists a n d  e n g i n e e r s  a r e  e d u c a t e d  a n d  t r a i n e d  i n  the fundamen- 

t a l s  of these s u b j e c t  a r e a s  first d i s r e g a r d i n g  r a d i o ;  r ad io ,  

a s  a means for c a r r y i n g  o u t  the o p e r a t i o n s ,  is i n t r o d u c e d  

l a t e r  a s  a s p e c i a l  case. A c c o r d i n g  t o  the c o n c e p t  of the 

I n s t i t u t e ,  we c o n s i d e r  r ad io  c o m m u n i c a t i o n s  a s  t h e  p r i m a r y  

s u b j e c t ,  a n d  the a p p l i c a t i o n s ,  s u c h  a s  as t ronomy,  t r a c k i n g ,  

n a v i g a t i o n ,  etc., a s  s p e c i a l  c a s e s  i n  a s e c o n d a r y  p h a s e  of 

the c o n s i d e r a t i o n .  A c c o r d i n g  t o  t h i s  c o n c e p t ,  the c o n s i d e r -  

a t i o n s  a t t a i n  the  f o r m  of a m u l t i d i s c i p l i n a r y  a c t i v i t y .  

Based  o n  t h i s  c o n c e p t ,  the I n s t i t u t e  b r o u g h t  together 

s c i e n t i s t s  a n d  e d u c a t o r s  s p e c i a l i z e d  i n  the above s u b j e c t  

a r e a s  t o  p r e s e n t  a n d  t o  d i s c u s s  the common f u n d a m e n t a l s  a n d  
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t o p i c s  of their  s p e c i a l i z a t i o n .  The  m a t e r i a l  of the l e c t u r e s ,  

modern f u n d a m e n t a l s  a s  w e l l  a s  s p e c i a l i z e d  t o p i c s ,  was  care- 

f u l l y  selected f r o m  the v i e w p o i n t  of i ts  u s e f u l n e s s  for  s p a c e  

work. 

The f u n d a m e n t a l s  common fo r  the s u b j e c t  a r e a s  of S p a c e  

Communica t ions  w e r e  p r e s e n t e d  i n  l e c t u r e s  o n  e l e c t r o m a g n e t i c s ,  

wave p r o p a g a t i o n ,  a n t e n n a s ,  a n d  c o m m u n i c a t i o n  a n d  i n f o r m a t i o n  

t h e o r y .  

The s p e c i a l i z e d  t o p i c s  w e r e  p r e s e n t e d  i n  g r o u p s .  R a d i o  

a s t r o n o m y ,  wave p r o p a g a t i o n  i n  a n d  p r o p e r t i e s  o f  the  atmos- 

p h e r e ,  i o n o s p h e r e ,  a n d  p a r t i c l e  b e l t s  w e r e  the t o p i c s  of o n e  

of these. S o p h i s t i c a t e d  c o d i n g  schemes and d e c i s i o n  d e t e c t i o n  

formed a n o t h e r  g r o u p  of l e c t u r e s .  Communica t ion  b y  l i g h t  

beams,  made p r a c t i c a l  b y  the u s e  of l a s e r s ,  a n d  r e l a t e d  phe- 

nomena, s p e c i f i c  cases of wave g e n e r a t i o n ,  t r a n s m i s s i o n ,  a n d  

d e t e c t i o n ,  t r a c k i n g ,  a n d  a c o m p a r i s o n  o f  s a t e l l i t e  communica- 

t i o n  s y s t e m s  w e r e  p r e s e n t e d  i n  other g r o u p s  a s  i n d i c a t e d  i n  

the t a b l e  o f  c o n t e n t s .  

The  b a s i c  c o n c e p t  o f  the I n s t i t u t e ,  i f  s t r i c t l y  c a r r i e d  

t h r o u g h ,  leads t o  a new t y p e  o f  s p e c i a l i z a t i o n  w h i c h ,  a s  a 

complement  t o  the common t y p e ,  has become n e c e s s a r y  i n  d e a l -  

i n g  w i t h  complex  s p a c e  p r o b l e m s .  

The  new t y p e  o f  s p e c i a l i s t  of S p a c e  Communica t ions  h a s  

a t h o r o u g h  knowledge  and  w o r k i n g  a b i l i t y  i n  the  radio-  a n d  

c o m m u n i c a t i o n - t h e o r e t i c a l  a r e a s  w i t h  a broad knowledge  i n  

t he i r  a p p l i c a t i o n  t o  s p a c e  work  i n  the v a r i o u s  s u b j e c t  a r e a s  

l i s t ed  a t  the b e g i n n i n g .  T h e s e  s p e c i a l i s t s  complement  s c i e n -  

t ists  a n d  e n g i n e e r s  which h a v e  a knowledge  and  w o r k i n g  
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a b i l i t y  n a r r o w l y  s p e c i a l i z e d  w i t h  r e g a r d  t o  s p e c i f i c  a p p l i -  

c a t i o n s  s u c h  a s  a s t r o n o m y ,  n a v i g a t i o n ,  communica t ion ,  etc. 

S c i e n t i s t s  a n d  e n g i n e e r s  w i t h  the new t y p e  of s p e c i a l i z a t i o n  

a r e  h i g h l y  i n  demand for work d e a l i n g  w i t h  the o v e r a l l  opera- 

t i o n  of c o m m u n i c a t i o n  s y s t e m s ,  for  the r e l a t e d  a n a l y s i s  work ,  

a n d  for  o p t i m i z a t i o n  s t u d i e s .  

The  m u l t i d i s c i p l i n a r y  a p p r o a c h  f o l l o w e d  i n  s e t t i n g  u p  

s u c h  a n  I n s t i t u t e  r e q u i r e s  new methods w h i c h  only  b y  e x p e r i -  

e n c e  and  by e x p l o r a t i o n  of the r e a c t i o n  of the a u d i e n c e  c a n  

be g a i n e d .  A l s o  f r o m  t h i s  v i e w p o i n t ,  the I n s t i t u t e  was  ex- 

t r e m e l y  v a l u a b l e .  



FUNDAMENTAL LECTURES 

ELECTROMAGNGPICS AND ANTENNAS 

by Roger P. Harrington 
I. Waves 

Let us begin with bkxwell's equations as they apply in vacuum: 

- aB' 
% V X E = -  (3) 

1 aZ 
2 %  V x 3 = -  

where c is the velocity of light. 
and% (magnetic induction) are measurable by a test charge q according to the 

Lorentz force law 

The field quantities 7 (electric intensity) 

(3)  
+ + + - c  
F = q(E + v x B) 

where 2 is the velocity of q. If we take the curl of (1) and substitute from ( 2 ) ,  

we have 
+ a2E' 

c2 at2 
V x V x E = - L  - 

-c 
An application of the vector identity D x V x E = V(V - 3) - &gives the usual 
wave eauation 

where 2 is the Laplacian operator. Analogous operations on (1) to (4) give 

* 
Hence, both E and 5 satisfy the vector wave equation in vacuum. 

"0 illustrate the simplest type of wave, consider an electric field which 

has only one component, say an x component, and is a function only of time and 
of z (perpendicular to x). Equation (7) then reduces to 
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This is a one-dimensional wave equation which has two independent solutions 

Ex = f(t - z/C) + g(t + Z/C) (10) 

where f and g are arbitrary functions. 
traveling in the +z direction with no change in shape, and the second term represents 
a wave traveling i n  the -z darection with no change in shape. 

The first term of (10) represents a wave 

Let us now restrict consideration to sinasoidally time-varying quantities 
according to the usual convention 

Einstantaneous = Re(ejot * Eaomplex 1 -., 

where w is the angular frequency, j = c l  , and Re designates "Real part of." 
ITOW (7) reduces to 2 

v % + ~ ? = o  (12) 
C 

which is the Helmholtz equation. 
(10) is then 

The complex field representing waves of the type 

E X = A e-j(w/c)z + ej(w/c)z (13) 

which, according to (ll), represent waves 

(Ex) = A COS w(t - Z/C) + B cos w(t + Z/C) (14) 
instantaneous 

By making A and B complex, an arbitrary phase can be included. 
which one cyde of the wave exists is called the wavelength 

The aistance over 

(15) W h = 2 l r -  

and the commonly occuring parameter W/C is called the wavenmfb$rr 

So far e have been considering only the simplest type of wave. Suppose 

we ask: What is the most general time-harmonic wave propagating (traveling) in 

one Cartesian direction (say the z-direction) which is independent of the other 
two directions (x and y)?  It is found that such a wave (called a uniform plane 
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- wave) must be transverse to z (the direction of propgation) and of the form 

+. 
E =  BE^ + j E e-jkz (17) Y 

* 
points in the x direction at all times, and we 

Y 

instantaneous If E = 0, then E 

have a wave that is linearly polarized in the x direction. If E and E are 
complex but have equal phases, the wave is still linearly polarized in some 
direction intermediate between x and y. If E and E are complex, equal in 
magnitude, and 90' out of phase, then lines of Einstantaneous rotate uniformly 
in space with angular frequency w. Such a wave is said to be circularly polarized. 
mre generally, a wave may rotate nonuniformly if E and E are not in phase, 
and such waves are said to be elliptically polarized. 

Y 

x_) y 

Y 

If we consider waves traveling in opposite directions we obtain the phenomena 
of wave interference. The waves may add at some points in spce and cancel at 

other points, forming a standing wave pattern. The simplest type of standing 
wave is that consisting of two equal but oppositely traveling waves 

X (18) 
E = A(e-jkz + .+jkz) 

which represents the instantaneous field 

(Ex) = 2A COS kz COS wt (19) 
instantaneous 

Such a wave has complete nulls at kz = nn/2, n = 5 1, 2 J, 2 5 ,  . . . 
standing waves have minima and maxima stationary in spce, but not complete 
cancellation. 

Partial 

Standing waves commonly occur whenever a wave is reflected by a material 
object. 
normally incident on a plane conductor. 

amplitude to the incident wave, and of phase such that E = 0 at the conductor 
surface. Hence, for a conductor covering the z = 0 plane, 

The simplest type of  reflection is that of a uniform plane wave 

The reflected wave must be equal in 

E = E sin kz (20) x max 
if the incident wave is x polarized. 
at an angle 8 with respect to the direction perpendicular to the conductor, it is 

reflected at the same angle 8 to the other side of the normal. 

If the incident uniform plane wave travels 

If the conductor 
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is of finite size end irregular shape, the wave is scattered in many directions 
producing standing waves near the conductor. 
a difficult boundary-value problem. 

The solution in such a case is usually 

If four plane conductors are arranged in the form of a hollow metal tube of 
rectangular cross section, a simple combination of two plane waves represents a 
possible field. 

y = b, this solution is 
With conductors covering the planes x = 0, x = a, y = 0, and 

where 
E = A sin (n 5) e-5" 

is the phase constant. 
whenever p is real. 

Quation (21) represents a wave propagating down the tube 
According to (22), f3 is real only when 

that is, when b is greater than a half wavelength. Assuming b >a, the above 

solution represents the dominant mode of the tube (called a waveguide), with 
propgation at lower frequencies than any other modes (called higher-order modes). 
Hence, a waveguide acts as a low-pass filter, propagating waves o n l y  when (23) 
is satisfied. 
present more difficult mathematical problems. 

Metal tubes of arbitrary cross section behave similarly, but 

11. Rsdiation 

So far we have talked of waves as existing, with no consideration of their 
sources. 
of an electromagnetic field. 

An electric current rand its associated charge p represent the source 

It enters into kxwell's equations according to 

with the other two, (1) and (4), being unchanged. Here E and F are the 

permittivity and permeability of vacuum, chosen as 

= 4* 10-7 PO 
1 E =- 

0 2 
PoC 
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for the MKS system of units. 
inhomogeneous equation 

The Helmholtz equation (12) now becomes the 

+ 
from which the complex E must be determined. 

potential 2 such that 
Rather than solve (27) directly, it is convenient to introduce a vector 

-v 
The equation for A is then found to be 

+ 
which is simpler to treat than (27) because rectangular components of A 

depend only on the corresponding rectangular components of J. For J in 
unbounded space, the solution to ( 5 0 )  is given by 

- -7 

which is an integral over all 3. Hence, for any problem in which the electric 

currents are known everywhere in space, we have a solution given by (28), @), 
and (31). 

The simplest type of source is the current element, of strength I over an 
incremental distance e .  
function, giving 

In this case the integrand of (31) is an impulse 

+ 
The product 11 is called the moment of the source. Equatioas (28) and (29) are 
most easily evaluated in spherical coordinates, chosen such that IJ is at r = 0 

and in the polar direction ( e  = 0). 

-t 

The result is then 
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2 
poll - j k r  c E I = -  2n e ( T +  A) COS Q 

r j h 3  
(33) 

This i s  a ra ther  complicated r e s u l t ,  but can be understood when viewed i n  

par ts .  Very close t o  the current element, the l/r3 terms dominate, and 
represent  the e l e c t r o s t a t i c  f i e l d  from a charge dipole. 

l/r2 term i n  B represents  the magnetostatic f i e l d  ob' a current element. 
associated l/r 

obtainable by neglecting the  displacement current. 

dominate, giving the  rad ia t ion  f i e l d  

The dominant 

The 
2 terms i n  E a re  the induction f i e l d  of the current element, 

A t  l a rge  r, t h e  l/r terms 

This rad ia t ion  i s  a m a x i m  a t  r i g h t  angles t o  I1 ( a t  Q = eoo), and has a n u l l  

a t  Q = o and WOO. The f i e l d  p t t e r n  (magnitude of E o r  B) is aoughnut-shaped 
with 11 pointing i n  the d i rec t ion  of the nul ls .  

When the source p I1 i s  unity, from (92) we have 

- jkr 
A = e  

U T F  

This f i e l d  of a u n i t  source is  called the  Green's function for A, and the 
general solution (31) can be wr i t ten  a s  
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The form of (39), which is a sumnation over all sources times a Green's function, 
is very general. The solution of any inhomogeneous differential equation m y  be 
put into such a form. The particular Green's function to be used depends on the 

medium into which the source radiates. Mathematically, this is equivalent to 
saying that it depends both on the form of the equation and on the boundary 
conditions. Once the solution to a unit source is fonnd for any particular 
prob&em, then in principle the solution for any source is known. 
mind, let us discuss some solutions for elemental sources in the vicinity of 
spheres. 

With this in 

In the spherical coordinate system, general solutions to the field equations 
in homogeneous media can be constructed from two scalar wave functions Jr according 

to 

(40) 
+ 

2 E = O x ? J r  + O x O x ? J r  1 

where r is the radius vector. The Jr's are linear superpositions of solutions to 
the scalar Helmholtz equation, which are of the form 

jm# (41) 4 = zn(kr) L, m (cos e )  e 

The z 
Legendre equation. 
the problem. 

represent spherical Bessel functions, and Lnm solutions to the associated 
The particular Bessel and Legendre functions chosen depend OL 

If the field external to a spherical surface is desired, then the 4 ' s  must 
A study of Bessel be finite and represent outward traveling waves at infinity. 

and Legendre functions reveals that the only solutions of this type are 

where n and m are integers, hp) is the spherical Hankel function, and P," is 

the associated Legendre plynomial. and $, are linear combinations of 
(42), hence 

The Jr 1 

Jrl = Cm hr)(kr) P:(cos e )  ejm# (43) 
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with a similar equation for e2. 
at the sphere and source. 

The Cmare determined f m m  boundary conditions 

One of the simplest problems to solve explicitly is that of a radially- 
directed current element 18 at the pole of a conducting sphere. 
the radiation field is given by 

In this case 

A 

where Hn(ka) = ha hF)(ka) is a spherical Ihsnkel 

Pnl (cos e )  (@ 1 

function. For a very ~nall 
sphere, this is the field of a dipole. For a very large sphere, the pattern is 
a distorted doughnut, w i t h  the lobes pushed u p r d  in the direction of the 

current element. 
kquaiiy Importanr; as a source of raciation as tile currrui riaurilt Is the 

aperture radiator. 

through which electrormgnetic energy can escape. A simple to analyze aperture 
problem is that of a conducting sphere sliced in half and excited by a voltage 
V across the resulting slot, assumed to be in the 0 = 9oo plane. 
can take the general solution of (40) and (43), apply boundary conditions at 
the sphere r = a, and obtain the radiation field 

!%is consists basically of a hole in a conducting body 

Once again we 

This field is that of a dipole when the sphere is rrmall, and becomes almost 
omnidirectional for  Large spheres, except fo r  severe interference phenomena in 
the polar regions and nulls in the axial directions. 

Other problems that can be analyzed with the formulation of (40) with $'s 
different from (42) are currents on and apertures in conducting cones. 
p-oblem is more difficult than the corresponding sphere problem because the 

solution involves Legendre functions of nonintegral order. 
be given in the lecture. 

The 

Some examples will 
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111. Antennas and Arrays 
TWO important purposes of antennas are (a) to provide an efficient transfer 

of energy from a source to waves in space, or vice versa, and (b) to direct this 
energy in some desired manner. 
input impedance and efficiency of the antenna. 
(b) are gain, beamwidth, and sidelobe level. 
antenna elements connected together to provide desirable overall characteristics. 
"he beamwidth of an antenna is the frequency range over which specified 
parameters remain within some desired range of variation. 

Parameters of interest for purpose (a) are the 
Parameters of interest for purpose 

Antenna arrays are groups of 

Let us first define some of hhe above used terms. The gain G of a trans- 
mitting antenna is defined as 

Maximum density of radiated power 
Average density of radiated power G =  

"he effective area A of a receiving antenna is defined as 

Rwer delivered to matched load 
Rwer density of incident wave A =  

If the antenna and surrounding media are reciprocal, then 
n 

(47 1 

A = G G  k 

When nonreciprocal media are present (for example, plasmas or ferrites) then 

G and A are independent quantities. 
between half power points on the main beam. 
is the ratio of the intensity of the mainlobe peak to that of the maximum 
sidelobe. 

The beamwidth of an antenna is the angle 
"he sidelobe level of an antenna 

-11 antenna elements are basically of two types: (a) electric dipoles 
and (b) magnetic dipoles. 
pair of conducwrs or a loop aperture. 
by a conducting loop or a small aperture. 

have a gain G = 1.5 and doughnut-shaped patterns. 
impedance they are basically narrowband devices, since the impedance is a rapidly 

varying function of frequency. With respect to radiation pattern, they are not 
very directive, and relatively broadband (pattern not a function of frequency). 
Dipoles,antennas are used when simplicity of construction and nondirective 

Practical e&&ctric dipoles are formed by either a 

Practical magnetic dipoles are formed 
Both electric and magnetic dipoles 

With respect to input 



radiation are desired. They are also often used as elements of an antenna array. 

Whenever an antenna is munted on a body, the entire structure becomes a 
For example, an electric dipole on a sphere or a cone has a radiating system. 

very different radiation pattern than does the same dipole in free spsce. 

designing antennas for spsee vehicles, it becomes very important to take the 
vehicle into account. 
use theory only as a guide to the design. 
measurements, either on models o r  on the actual structure. 

relatively srnal l  size of space vehicles, low frequency antennas cannot be highly 
directional, as discussed below. 

When 

Since the vehicle is usually of complex shape, one can 
The final design requires experimental 

Because of the 

Ground based antennas can be large, and usually are highly directional. 
The two commonest types are (a) antennas focused by a shaped reflector, and 
(b) arrays of  many radiating elements. 
simplicity, and (b) the advantage of versatility. 

Type (a) has the advantage of design 
For very large antenna systems, 

cllc pl"'JDL'o1 p;""I+ of --+.I--+-.. I LI *CL " V I  --Ce=r, bee=-es 8ifficGt, the shility +n LL- _L__-) -- _^__&I__ 

electrically steer an array becomes important. 
Before discussing specific types  of antennas further, let us see how some 

of the basic limitations to the behavior of antennas come about. Consider an 

arbitrary antenna and let "a" be the radius of the smallest sphere that can 
contain it. 

wave functions, according to (40) to (43). 
the coefficients C,, of (43). 
to (46) with the C,, arbitrary, and inquire as to what is the maximum possible 

gain. The result is that, if all modes are allowable (all m and n), there is no 
limit to the gain. However, if we look at each mode of free space, we find that 
whenever r < nX/2n the m,n-th mode becomes cut-off, and cannot propagate energy 
effectively. 

one finds a practical limit to the gain 

ESrternal to r = a the field can be expanded in terms of spherical 
The actual antenna structure determines 

We can determine the gain of the antenna according 

Hence,. the summation of (43) is limited in practice to n < ka, and 

= + 2ka Gnormal (49 1 

called the normal gain of an antenna. 
theoretical limit, and we may inquire as to what happens if a higher gain antenna, 
called a superain antenna, is designed. Careful analysis shows that supergain 
antennas rapidly (a) become very narrow band devices, (b) have high field intensities 
in the vicinity of the antenna structure, (c) have excessive pover losses in the 
ante- structure, and (a) require extreme precision of design ami construction. 

Equation (49) is not an absolute 
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So rapidly do these characteristics become evident that it appears that supergain 
antennas are impractical. 
80 percent of (49), and array antennas have a gain about equal to the normal gain, 
we can already do about as well as can be expected with convention designs, SO 

far as gain is concerned. 

Since reflector-type antennas commonly come within 

By special techniques, it is possible to improve some antenna characteristics 
at the expense of others. 
can be obtained by multiplying the output of two linear arrays at right angles to 
each other (called a Mills' cross), if only a single signal is received. 

advantages of this design are (a) lower gain that the larger array, (b) false 

indications if two signals are present, and (c) it can be used only for receiving 

purposes. For radar purposes, the effective beamwidth of an array can be reduced 
in theory by using more than one frequency of transmission. 
can give the effect of a larger array by using a signal storage system. 
processing schemes can be used to treat the output of each element of an array as 

a separate signal, thereby enhancing some antenna characteristics at the expense 
of others. However, none of these schemes can circumvent the fundamental limitation 
(49) on gain. 

For example, the beamwidth of a large receiving array 

Some dis- 

A movable antenna 
Signal 
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4: Coding, Filtering, and Information Theory 

by Leonard S. Schwartz 337 b t  6 p /<- 33- 
-7 

( s e c  a # #  > 
I .  Coding Principles 

Our theory of  communications as a statistical problem i s  largely the work of  two men, 

Clauje Shannon and Norbert Wiener. Shannon's theory basically i s  one of  coding and 

shows how to organize o message at the transmitter--within certain l i m i t s  of power, band- 

width and time--in order to resist the corrupting effect of channel noise. Wiener's theory 

basically i s  one of  f i l tering and shows how to recover--within limits imposed an the same 

parameters--0 noise-corrupted signal at the receiver. 

As we con see, transmitter power, signal bandwidth, and message duration are key 

factors in determining communication rote. R. V. L. Hartley, in 1928, first formulated 

the basic relationship of  these porameters by toking the ampiitudes oi signai waveforms as 

quantized in N levels, with each level representing a possible state of the waveform 

source (Fig. I ) .  In an interval o f  T seconds and with a signal bandwidth o f  W CPS, 
2WT there are 2WT independent samples. Within N discrete levels there are thus N 

sible states. The information contributed by selection of  the various states i s  proportional 

to the log of  N, and the information rate is: 

pos- 

R = 2WT log N. (1) 

However, Hortley's theory foiled to consider the fineness of quantization, omitted 

ony reference to noise, and did not toke into account the probobilities of  the various 

states o f  the message source. His concept o f  a source with an output unperturbed by 

noise therefore has been replaced by Shannon's concept o f  a statistical source connected 

to a noisy channel. 

For transmission, information i s  measured by the number of different messages the 

transmitter i s  theoretically able to transmit. At the receiver, information i s  measured 

i n  terms of  the init ial  uncertainty about which of these messages wi l l  be transmitted. 

Reception of the message removes this uncertainty. The greater the number of  messages 

available at the transmitter, the greater the init ial  receiver uncertainty, but the greater 
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the information transferred when the messoge arrives a t  the receiver. 

therefore a function of  messoge probability. 

Final information i s  

The measure of ini t ial  uncertainty i s  a quantity analogous to entropyin stotistical 

mechanics. Entropy i s  o measure of randomness or disorder, and i s  expressed i n  terms of 

the logarithm of probabilities. I n  the case of  communications, entropy may be regarded 

as negative information, or the init ial  uncertainty ot the receiver that i s  removed when 

the message i s  received. Information therefore con be defined as: 

hb)  = - log2 P, (2) 

where p i s  the message probability. The logarithmic base b may have any arbitrorily 

chosen volue, but the base 2 i s  usuolly simplest to handle. The basic unit of information 

i s  the bit, or binary digit, which results from the selection between two eqwlly probable 

alternatives. 

A source has maximum entropy when a l l  symbols are equally l ikely as well as a l l  

their conceivable sequential arrongements. Otherwise, the source i s  redundant. Redun- 

dancy i s  defined as the amount by which the logarithm of the number of available symbols 

at the source exceeds the overage information content per symbol. 

A redundant source uses more symbols than absolutely necessary to transmit o given 

amount of information, but i t  i s  useful because it reduces the probobility o f  error in  the 

presence of noise. Our longuage, for example, i s  highly redundant. A single mistyped 

letter i n  an English text can usually be corrected without trouble--the information con- 

tent of the missing correct letter i s  duplicated by other letters and their arrangement. 

The link between the transmitter and receiver i s  the communication channel, which 

includes the transmission medium and usually the transmitter and receiver modulation and 

demodulation equipment (Fig. 2). For moximum information transier from message source 

to destination, source ond channel must be statistically matched. The statistical nature 

of  the messoges i s  determined entirely by the source properties; but the statistical nature 

of  the channel and therefore the entropy in  the channel are determined by what i s  trans- 

mitted and by the abil ity o f  the chonnel to receive different signals. 
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An lmportont Expression Was Fomd 

The channel capacity (C) i s  the maximum rate at which information can be sent. Since 

channel symbols and transition probabilities are known, maximazation requires only the best 

choice of  input probabilities. For the case of noise octing independently on successive sym- 

bols, Shannon found on important expression for the capacity o f  a continuers channel per- 

turbed by thermal noise: 

C = W log2 (1 + P,”) bits per second, (3) 

where W i s  the channel bandwidth; N, the thermol noise power; and P, the average signal 

power. 

After sufficiently involved encoding, binary digits can be transmitted ot the maximum 

rote (C) with an arbitrarily small frequency of  errors. Regardless of the encoding system, 

transmission at a higher rate i s  impassible without a definite error frequency. 

In general, the theoretical l imit o f  C con be approached only i f  complex encoding 

and very long messages are used. Greater message lengths do not imply lower information 

rates, for information i s  received throughout the period of message reception. Moreover, 

the longer the message, the easier it i s  for the receiver to go back and correct errors in 

ports o f  the message that have already been received. 

I n  a noise-free channel, a continuous function of time ideally can be measured with 

high precision and con assume an infinite number of  amplitude levels. An rnlimited amount 

o f  information can therefore be transmitted per unit time over os narror a bandwidth as 

desired. 

can be transmitted over a channel with a mal ler  bandwidth than the original signal’s by 

changing t h i s  signal to o new form, or coding it. This can be done 50 long os the power 

has the magnitude required by Equation 3. 

In practice, bandwidth can be tmded far signal-to-noise ratio. Also, a message 

The performance of  practical communications systems lies well below the theoretical 

upper l imit given by Equation 3. PCM, for example, one o f  todoy’s most effective systems, 

requires about eight decibels more than the theoretical signal power for a given channel 

capacity at a given bandwidth. 
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As we have noted, redundancy requires errors in  received messages, but i t  s t i l l  makes 

for inefficient operation. 

dancy and therefore the system bandwidth may be reduced. As an example, you may want 

to transmit English speech and require only that the received speech signals be intelligible-- 

personal accents, inflections, and the l ike may be lost. 

to spoken words i s  printed at the transmitter and encoded into binary digits. 

average, not more thon two digits w i l l  be used per letter, or nine per word. 

the basis o f  intelligibility, a 100-wpm speaking rate then corresponds to an information 

rate o f  15 bits per second. I f  the received S/N ratio i s  40 db, a bondwidth o f  about one 

cycle w i l l  do (Equation 3). 

I f  the S/N i s  high enough to make errors unlikely, the redun- 

In this case, a text corresponding 

O n  the 

Strictly on 

Theorem Defines Reliability Limits 

An important goal o f  communications design i s  to maximize the rate o f  reliable com- 

munication. The limits on the maximum rote o f  information transfer over a noisy channel 

and also on the reliability o f  the received information are defined by Shannon's noisy- 

channel coding theorem. It states that a transmitted message can be received with an 

arbitrarily small error probability i f  the transmission rate (R) i s  less than channel capacity 

(C). Conversely, the error probability cannot be made arbitrarily small i f  R equals or 

exceeds C. R and C are independent o f  each other, since C i s  a channel characteristic 

with the same value for a l l  receiver-transmitter pairs, while R i s  a transmitter-receiver- 

pair characteristic with the some volue for 0 1 1  channels. 

Ideally, error-free information can be sent at same finite rate which i s  arbitrarily 

close to the channel capocity. A non-zero information rate for a vanishingly small 

error probability can be achieved by systematic coding. Although this rate i s  definitely 

less than the channel capacity, i t  represents a remarkable achievement--less than 20 

years ago, i t  was considered impossible. 

Coding that gives better rel iabi l i ty i s  an error-correcting process. R. W. Hamming 

introduced the codes o f  this type by defining a systematic-block, or parity-check, code 

as one in which each character has a block o f  n binary digits, o f  which k carry informa- 

tion. The remaining n. - k digits are check, or parity, digits for error detection and 



correction. When n - k = 1, single errors can be detected by using the check digit to give 

an even nunber of ones for each transmitted character. If the count for any received char- 

acter i s  odd, an error i s  present. However, the location of an error within a character 

cannot be found by t h i s  techniqle alone. 

In iterative systematic codes, decoding i s  done over short blocks of digits, and the 

corrected digits are used together with other blocks for further error correction. I n  

seqential codes, a small number o f  digits i s  decoded at a time. For both iterative and 

sequential coding, the error probability decreases exponentially with code length, while 

the number o f  computations goes up only as a constant power of length. 

Rate Can be Close to Capacity 

Optimum coding (infinite delay) con provide an error-free rate close to channel 

capacity, but the same rate results with simple constructive coding (fhite delay) i f  

noise-free feedback i s  added. Noise i n  the feedback path merely increases the delay 

required to achieve the maximum rate. 

The forward-channel capacity remains unchanged by the presence of the feedback 

path, unless the noise i n  the two channels i s  correlated (increasing or decreasing at the 

same time), i n  which case the forward-channel copocity may be increased (Fig. 3). 

back has shown marked advantages over coded single-channel operation, but even better 

results are achieved i f  the two techniques are combined. 

Feed- 

2. Filtering Principles 

Until the forties, no methods existed for analyzing random functions, which playa 

major role i n  communications becalse of the random nature of signals and noise. Wiener's 

development of generalized harmonic analysis, of which repetitive, or aperiodic- 

function, analysis i s  a special case, provided communications engineers with mathematical 

tools they had long been waiting for. 

Random functions are characterized by the tbct that repeated experiments under 

similar conditions produce results that are of the same general type but act instanta- 

neously identical. An example would be a set of  fading records of radar signals from an 
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"ensemble" o f  aircraft i n  a l l  possible states of motion. Each record, made for a l l  the planes 

over a long period of  time, would be a random time function. If a l l  the fading records were 

placed parellel i n  time (so that a l l  T = 0's coincide), they would form an ensemble of  random 

time functions, or a random process. 

I n  many practical sitwtions, the statistical properties o f  the ensemble are invarient 

with a shift i n  time, forming a stationary random process. This process i s  described by a set 

o f  probability distributed functions that are difficult, i f  not impossible, to determine either 

analytically or experimentally. 

For a number of communication problems, the so-called second probabilitydistribution 

function adequately describes the random process. Most useful, however, i s  the autocorre- 

lotion function--though dependent on the second distribution, it effectively characterizes 

the rundom process. This easily calculated function i s  expressed as an ensemble average: 

where y and y are the ahplitudes of  time functions taken T seconds apart on the given 1 2  
waveforms, and f(y ,y ; ) i s  the joint probability density function for the process at 1 2  
points Tseconds apart. The autocorrelation function also may be expressed as time aver- 

age (ergodic hypothesi s): 

I T  
$11 (T) = lim - f (t)f, (t + T)dt. T - . ~  2T -T 1 

Wiener's theorem gives the counterpart of the autocorrelation function in  the fre- 

quency domain as: 

'1 1 (T) = X Z  s(f) exp(iwr)df, 

and the power spectral density as: 

t 
4 
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The autocorrelation function and the power spectral density are Fourier transforms of 

each other. This reciprocal relationship chamcterizes the stationary random pmcess--if 

it is valid for any single member o f  the statistical ensemble, i t  i s  valid for all. The 

situation i s  analogous to linear system behavior, which may be expressed as a tmnsfer 

function (frequency domain) or as a response to a unit impulse Function (time domain). 

Each function is the Fourier tmnsform of the other, and each brings out certain informa- 

tion i n  a better light (Fig. 4). 

A similar relationship exists between two stationary random processes that ore related 

to each other i n  some manner. I f  Jr (T)  i s  the cross-wrrelotion function o f  two coherent 

stationary random processes defined by: 
12 

1 T  '12(~) = l i m  - f (t)f (t + T)dt. T - . ~  2T  T 1 2 

where f,(t) and f2(t) are member functions of the two processes, then we can write: 

where S12(f) is the cross-spectral power-density function. 

Correlation Relates a Signal's Parts 

Correlation generally expresses relationships between ports of the same signal or 

parts o f  several signals. Different parts of a completely random signal are independent 

of each other. In this cose, the value of the autocorrelation function i s  zero (except 
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when T equals zero), signifying that the signal i s  correlated with itself only. 

relation function of  thermal noise, for example, i s  a spike at T = 0. When same correlation 

i s  present, the autocorrelation function decoys to zero with increasing T, except for periodic 

functions. 

The autocor- 

The cross-correlation function i s  a measure of  the correlation between two different 

function--it gives the average product relationship between them. Cross-correlation i s  

useful primarily when a priori information i s  available about the signal frequency. 

In accordance with Wiener’s theory of linear filters, correlation can be used to recover 

non-random signals from o background of  random noise. The linear filters generally are 

regarded as correlotors or integrators i n  the time domain or as matched and “comb” filters 

i n  the frequency domain. For example, random processes may have hidden periodic com- 

ponents that, i n  some applications, must be separated from the whole. Autocorrelation 

provides this separation, since the autocorrelation function of a periodic signal i s  periodic 

at the same frequency. Random-function autocorrelation, on the other hand, has a maxi- 

mum equal to the mean square value when T equals zero and falls off to the square of  the 

mean value at T = OD. Cross-correlation offers an advantage i f  the signal period i s  known 

and particularly i f  the S,” i s  much less than unity. 

As correlation achieves the same results i n  the time domain that an extremely narrow- 

band fi l ter achieves i n  the frequency domain, i t  sometimes can be used with good effect 

to obtain a signal spectrum. A case i n  point i s  the isolation of a sine-wave signal hidden 

by random noise. 

Correlation i s  used i n  synchronous detection for color TV. A message function 

2 fm(t) i s  modulated by a cosine (or sine) voltage at the transmitter to give a signal f (t): 

fm(t) cos 0 t = f (t). 0 2  

The received signal i s  multiplied by a cosine (or s i n e )  reference voltage of the carrier fre- 

quency to give: 



f2(t) cos 0 t = f (t) cos2 0 t o m  

2 3  

2 f,(t) 
= - (1 +cos 0 t). 

2 

The signal then passes through a low-pass filter, which eliminates the cornier-frequency, 

and the output is fm(t)/2. 

To the extent that synchronous detection relies on multiplication with a known fre- 

quency and subsequent avemging, it is cross-comelation. But it is incomplete correla- 

tion--the band of harmonic componenfs constituting the signal is passed by the filter, 

while true correlation functions as an infinitely narrow-band filter and passes the carrier 

frequency only. 

3. Feedback Principles 

The purpose of several recent developments in the field of digital communications 

is reliability improvement, particulorly as  related to the method of decision in the 

receiver and introduction of feedback channel between the receiver and transmitter. 

It is not suggested that these methods take the place of coding, or even that they 

are in any way superior. Rather, they represent additional means for coping with the 

reliability problem in communications, and it is hoped that they may  be combined with 

coding to effect greater improvements than could be achieved with coding alone. 

Null Detection 
1 The technique of null detection permits a decision to be withheld in doubtful cases 

a d  new observations to be taken until unambiguous readings are  obtains. Transmission 

need not be fixed in advance, since it may be determined during the course of communi- 

cation by criteria that depend on the received signals. The method is, on the avemge, 

more efficient in saving time for a given reliability or increasing the reliability for a 

given time than a n  optimized, single-threshold system, a result that is intuitively reason- 

able because null  detection reduces guessing, which destroys information. 
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The null method i s  implemented by introducing two threshold levels at the receiver, 

thus permitting the receiver to withhold decision in doubtful cases, sa that a large 

reduction i n  decision error probability i s  possible, but would be accomplished at the ex- 

pense of producing null or rejected signals. If the transmitted message contains either 

the natural redundancy of  language or the artificial redundancy of  code, some of the 

null signals may be interpreted correctly. The great advantage of  null detection con- 

s is ts  i n  the pinpointing of  the most probable errors, whereas i n  ordinary binary trans- 

mission the positions of  errors must first be located before corrections can be made. 

When the input information consists of a statistically long sequence of uncoded 

binary symmetric digits and the interference i s  symmetrical, the channel may be char- 

acterized by the probabilities p. of receiving a digit incorrectly, u. of receiving a 

digit ambiguously or as a null, and q. of receiving a digit  correctly, where the sub- 

script i(l = i = w) denotes the values of the probabilities on the fth transmission. The 

decision process at :he receiver places the received signal y. i n  one of three groups: 

Group I y. *k. 
I I  

Group II - k. < y. < k. 
I l l  

Group Ill y. G -  k. 
I I  

I I 

I 

I 

where k. i s  the voltage level o f  the null boundary on the fth transmission. 
I 

The following example for a binary-to-ternary channel illustrates the effects of 

nulls i n  accepting or rejecting coded messages. The channel transition diagram i s  shown 

i n  Fig. 5.  We shall assume coding according to a system of  even parity checks. 

the transmit-receive message pair i s  

Suppose 

10111 - lo+ 1 1  - - 
In  this case the receiver infers that most probably the null symbol (0) should be replaced 

by a " 1 "  because this would satisfy an even parity check. It i s  recognized that the pres- 

ence of  the null zone does not remove a l l  errors. It only reduces their probability, since 

same symbols that othewise would be changed to their opposites become nulls instead. 
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Moreover, the message rejection probability i s  reduced, because the message would be re- 

jected i n  a binary symmetric channel can be corrected and accepted in  a 2-3 channel, 

provided only a single null has occurred. If more than a single null has occurred or i f  a 

null and an e m r  have occurred, the message must be rejected. 

Limitation of decision to three levels--0, 1, and - m a y  destroy =me information, 

because knowledge o f  the detailed features of the noise structure may thereby be ignored. 

Thus, i n  the case of Gaussian noise, an appreciable improvement i n  per-symbol informa- 

tion rate may be achieved by increasing the number o f  decision thresholds i n  the receiver. 

With an infinite number of thresholds i t  would be possible for the receiver to preserve a l l  

informotion i n  making a decision. 

A receiver operating on the decision plan just described i s  a single-null receiver. 

It has been found that i f  the number o f  thresholds in the receiver i s  increased without 

I . - .  BIWU;, the I i i ip i~~cmcnt  in =!!&!if;. thct ressv!ts m r r ~ s m d c  tn  n Fain  of about 2 db i n  
I--..-- 

signal-to-mise ratio over a single threshold system. With just two thresholds (single null) 

the improvement corresponds to a gain of about 1 db. Double-null detection (four deci- 

sion thresholds) results i n  further improvement i n  reliability, but only to a small degree. 

Because o f  the rapid growth i n  the complexity o f  the decision mechanism with the number 

o f  decision thresholds and the correspondingly smaller degree of reliability improvement, 

discussion i s  usually limited to the case of  two decision thresholds--that is, to a single- 

null receiver, henceforth called a null receiver for simplicity. 

The null-detection technique, however, i s  valuable primarily when used i n  conjunc- 

tion with feedback because the aim i s  not to lose the infomotion i n  the rejected message, 

i f  possible. The only way t h i s  loss can be prevented i s  to be able to request the trans- 

mitter to repeot the rejected message unti l it can be accepted. The repetition i s  accom- 

plished by use of a return path from the receiver to the transmitter; that is, feedback. 

Kinds of Feedback 

The addition o f  a feedback channel gives greater f lexibil i ty to the problem of error 

control i n  the forward channel. Specifically, i t  renders possible the replacement of 

, 

t 
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nulls by val id 0's and l ' s ,  which may effectively increase the information rate for a given 

reliabil i ty or increase the reliabil i ty for a given information rate on the forward channel. 

Broadly speaking, feedback systems may be classified according to the type o f  commu- 
2 

nication carried by the feedback channel . They are: 

1 .  Decision feedback, i n  which the feedback channel i s  used only to report the 

decision of the receiver as to  acceptability of the received message. 

2. Information feedback, i n  which the feedback channel i s  employed to report in- 

formation about the received message to the transmitter, with the decision to accept, or 

reject and correct, being made subsequently at the transmitter. 

Decision Feed back 

The simplest feedback system i s  a discarding decision system i n  which the receiver, 

as a result of a decision made on  each received message, either accepts the message and 

records the corresponding symbol or rejects i t  as ambiguous and reports the rejection to 

the transmitter. The information i n  the ambiguous message i s  discarded, and the transmit- 

ter subsequently repeats the message. Adjustment o f  the null zone thus permits a trade-off 

between information rate and error probability . 3 

Most of the analysis to date has assumed the feedback channel to be error-free. 

When this i s  the case, the information rate and the error probability of the direct trans- 

mission channel remain unaltered i f  the feedback loop i s  opened. The important advantage 

of the feedback loop i s  that the entire message can eventually be received at the specified 

error probability. The assumption that the errors i n  feedback can be neglected i s  reasonable 

i n  some cases. Thus, binary transmissions are usually composed of basic code groups, 

representing the symbols of some message alphabet. If only YES-NO information need be 

transmitted over the feedback channel for each code group i n  the forward channel, the 

effective S N R  (signal-to-noise ratio) i n  the feedback channel can usually be maintained 

at a considerably higher value than i n  the forward channel. For most types of noise, error 

probability decreases quite rapidly with increasing SNR, and the error rate of the return 

channel can usually be kept small compared with that i n  the direct channel. Moreover, i f  

the probability of acceptance i s  appreciably different from the probability o f  rejection, 
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coding of the null locations will result i n  a considerable reduction of he required feedback 

capacity. The more  precisely the probability of rejection is known, the more efficient 

this coding can be. 

The possibility of combatting so-called fost fading of scatter-multipath reception by 
4 

means of feedback has been studied . It w a s  assumed that the SNR has a Rayleigh distribu- 

tion and that the interference is additive Gaussian. The system of prime interest in these 

investigations is one based on variable null-level reception and discarding decision feed- 

back. When on effort is made to achieve a large reduction in error probability a t  the cost 

of increased transmission t ime,  the inherent inefficiency of the discarding mechanism 

becomes a factor. Hence, a repetition--integration scheme has been considered, by 

means of which the feedback channel is used to monitor the 5NR and consequently to op- 

timize the number of repetitions. In this system, which has been called wmulative- 

decision feedback ., each message digit is repeated coniinuousiy by ihr tiur-&m;ttsi e&! 

the receiver indicotes, via the feedback path, that the total received information i s  no 

longer excessively ambiguous. Each sequence of repeated digits is integrated in the 

receiver until the resultant signal passes through one of the two boundaries of the null 

zone, at  which time the appropriate decision is signaled to the transmitter. As soon as a 

decision has been reached, the receiver returns the decision device to its central starting 

level, and transmission of another message digit is begun. 

A 

Cumulative-decision feedback yields, for the Same guaranteed maximum error proba- 

bility, on osymptotic rote four times as  great as  that attainable with a unidirectional 

variable repetition-integration system. The superiority of the cumulative scheme is ottri- 

buted to the foct that i t  permits the transmitter to be responsive to the actual pulse-by- 

pulse needs of the receiver, rather than responsive in a statistical sense only. 

One of the standard techniques for improving multipath reception is that of diversity 

reception. It is of interest, therefore, to ascertain the performance of the cumulative 

system just described when used in conjunction with dual diversity reception. The type 

of diversity reception considered is that in which the output of the channel having the 

better SNR is selected. It is found that o one-third additional reduction in overage 

transmission time per information bit may be achieved as  a result of adding the cumulative 

feedback feature, 



Information Feedback 

In  information feedback systemZr5 the transmitter has to provide additional capacity 

(erasure capacity) i n  order to keep the receiver informed as to whether i t  i s  conveying new 

information or corrective information. O n  the other hand, the receiver gains additional 

information by knowing whether or not the original message i s  acceptable to the transmit- 

ter. It can be shown that when feedback i s  error-free the gain i n  information at the 

receiver i s  equal to the net information of  the confirmation--denial or erasure process. 

Thus, i n  these circumstances the proper use of an erasure signal does not cause a reduction 

i n  information rate. 

The significant feature of  information feedback, however, i s  not conservation of 

rate, but rather the possibility of transmitting error-free messages without coding. Error- 

free operation i s  possible i f  the feedback channel i s  error-free and of sufficient capacity 

to permit the receiver to inform the transmitter of the exact signal received via the direct 

channel. The transmitter can then, by means of  the erasure process, correct 0 1 1  errors i n  

transmission. The assumption of error-free feedback wi l l  be valid less often for informotion- 

feedback systems than for decision-feedback systems, because of the higher rates usually 

required of the feedback channel. 

Loss of information in  iterative-discarding-information feedback, i n  which incorrect 

information i s  erased without attempting to use i t  i n  any way, i s  assignable to three causes: 

1. Noisy feedback 

2. 

3. 

erasure word 

Rejection of residual information i n  erosed words 

Loss of information i n  the total signal entropy caused by the presence of the 

The transition diogrom i n  Fig. 6 w i l l  help to make clear the nature of the erasure 

problem which i s  peculiar to information feedback. It i s  assumed that any one of three 

symbols--0, 1, and 0 (erasure symbol)--may be transmitted and any one of the three may 

be received. P stands for the previously received symbol. 

Information feedback i s  highly effective, significantly more so than decision feedback, 

provided that the signal-to-noise ratio on the forward channel i s  of  the order of 3 db or 
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greater, although the improvement varies with the code length. The Teason for the variation 

in performance is that if a coded forward transmission is rejected--that is, followed by an 

erasure symbol--the entire message must be repeated, It is apparent that the smoller the 

S N R  the more frequently the message will be rejected. Moreover, the longer the code 

length, the greater the reduction in the resulting rote for a given S N R  as a result of the re- 

jection and repetition process. Thus, information feedback is characterized by a very sharp 

S N R  threshold below which the information rate becomes zero for a given code length. On  

the other hand, decision feedback is always better for small values of SNR. 

The excellent performance of the information-feedback system above the threshold is 

primarily attributable to control of the entire feedback process by the transmitter. It is 

noted that as the number of tmnsmissions is increased the storoge requirements must be in- 

creased in order to perform the iterative discarding process. 

One method of avoiding the rhreshoid efieci i b  io change :he codiq schene 3s the 

S N R  changes as, for example, by a suitable amount of repetition-integration of each digit. 

Coding Plus Feedback 

A communication system that employs long codes, attempts error correction only for 

veiy small numbers of errors, and requires much less computation and stomge than a system 

attempting the maximum possible error correction i s  the "long-code feedback system" . 
Suitable operation of the feedback channel, which reports accept-reject decision to the 

transmitter, minimizes the effect of errors due to fading and disturbance in the feedback 

channel, a result that may be accomplished by utilizing a sufficiently asymmetrical decision 

mechanism a t  the transmitter to interpret the feedback information, 50 that reject-to- 

accept (R + A) errors occur with minimal frequency. The system possesses excellent 

reliability, fails safe even when the S N R  drops to zero, and i s  particularly effective when 

less efficient procedures fail; that is, when severe burst-type noise or heavy fading i s  en- 

countered. The  cost of this performance in terms of computational and storage requirements 

is much less than that of comparable unidirectional systems. The outstanding characteristic 

of this system i s  its fail-safe feature under extreme variations in kind and extent of inter- 

ference. 

6 



The coding procedure i s  to use an (n,k) group alphabet, also called a systematic or o 

parity check code, i n  which k digits of a sequence of n digits are information-carrying 

and c = (n - k) digits are check digits. 

When the order of error correction i s  e = 1, n = 100, and c = 40, the error probability 

i s  lo-'', which, at a bit rate of 1,000 bits per second, i s  equivalent to an average error 

rate of about one error every 16 years. 

Two-Way Communication 

The foregoing discussion has dealt with the case of accept-reject informotion returned 

to the transmitter by means of  a signol constructed solely for this purpose. When message 

information i s  flowing in  only one direction, some such arrangement i s  necessary. I f  in- 

formation i s  to be transmitted i n  both directions, however, feedbock can be used i n  bath 

directions, and the proportion of  the channel taken up by accept-reject information can be 

made negligibly small . Thus, i f  A and B represent the two stations, (nl, kl)  code grolps 

with e error correction can be used to transmit from A to B, and (n2, k2) code groups, 1 
with e 2 
accept-reject information regarding the appropriate code group received i n  the other chan- 

nel. Each time A rejects a message, A sends a repeat o f  i t s  own previous message along 

with a request for repetition of  the previous B-to-A message. If, on the other hand, a 

message i s  accepted by A, there i s  almost no chance of error, and thus A may send either 

a new message or a repeot, depending on the received accept-reject digit. These remarks 

apply particularly i f  two-way information flow i s  desired over o single channel or over two 

channels so situated that signol and noise statistics i n  the two channels are somewhat depen- 

dent. I f  signal and noise statistics i n  the two channels vary independently, i t  may be desirable 

to sepomte the accept-reject information from the message-bearing groups. 

7 

error correction from B to A. Only one digit i n  each group i s  needed to carry the 

Feedback Svstems i n  Use 

Rudimentary forms of feedback are not new to the cornmunicotion art. One feedback 

The ARQ (automatic request system has been in  operation for more than twenty 
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for repetition) system, proposed by Van Duuren and used extensively by RCA for long-range 

teletypewriter service, i s  a fixed-redundancy, discording-decision feedback system. It 

employs o 3-out-of-7 constant-ratio code yielding 35 different code characters. Informa- 

tion flow i s  two way, one o f  the 35 allowable characters being reserved for requesting 

repeats. The system i s  intended for use under fairly good channel conditions. 

uses a form o f  digit-null reception also proposed by Van Duuren". In this system the 

standard five-digit characters are transmitted over frequency-shift keying links; the form 

of the received signals i s  checked by testing them against a null zone. Whenever the 

tester rejects one element, the four preceding elements are also rejected and a repeat i s  

requested to reduce the probability o f  erroneous acceptance during periods of deep signal 

fading. This system provides a fail-safe feature agoinst certain types of disturbances, 

such as signal fading at constant noise level (10 - to 10 . 

i s  less effective against bursts of noise and certain other types of interference that are 

l ikely to cause digit  errors without causing a null to appear in any number of successive 

digits. 

Another form o f  ARQ system used on the Argentine teletype over radio (TOR) circuits, 

-< -7 
error probabiiity. Tie sysrem 
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FIGURE 2: Basic elements of a carmunications system. 
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FIGURE 3: Basic carmunications system with feedback channel. 
Ideally, this channel is noise-free, and simple coding will bring 
the channel capacity close to the theoretical maximum. 
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and a function of frequency (bottm). 

System behavior 0xpresc.d as P function of time (top) 



0 
/ , 

. . . 
1 h 1  

FIGURE 5: Transition diagram for 2-3 channel with null-7one decision 
system in the receiver. 

T 

FIGURE 6: 
tion feedback. 

Transition diagram for iterative-discarding-informa- 
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& PROBLEMS OF WAVE PROPAGATION 

by F. J. Tischer zz 10 3 6 d  5-d + 
TA-88. 3 

I. Waves i n  an Infinite, Source-Free Region of a Uniform Medium (Review). 

Maxwell‘s Equations: 

Considering polarization vectors 

- - 
D = cor + F ; P = Eo( E r -  l ) E  

B = woH + woA ; IG=  ( v r - l ) H  
- 

Combination and evaluation leads to wave equations 

V x v x  E +  cii a E = O  
- 2 -  

a t2  

2- 
p x v x  H +  E p  - = o  

a t2 

For some coordinate systems these con be reduced to 

a tL 

by the vector identity 

v x v x  A = V ( V . 3  - v 2 x  
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Simplest case for rectangular coordinates (x, y, z) 

Ey = E = 0: 

(See Fig. 1) 

2 2 
a Ex a Ex 

a, a t  2 
Ell- = o  -- 

Ex = F, (t - Z/V) + F2 (t + Z/V) ; v = l/G 

The two terms represent wave functions i n  the positive and negative z-direction. We 

find for the magnetic field intensity 

H = - - - .  F1 F2 , Z = q z  Y Z Z 

Free spice: 

vo = 1 / F o  
8 

= 3 x  10 meter/sec 

zO = f T o  377ohms 

11. Waves i n  Various Coordinate Systems for Harmoniwlly Varying Sources (Review). 

(Suggested references: Stmtton [ 1 ] , Harrington [2 I ) 

General elementary wave functfons 

a. Rectangular m r d i m t e s  
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3,  r ,d, p ------- field-distribution, wave-propgation, attenlotion, and phase constants 

Standing waves 
COS r x 

6 si, 2 = [ 1 ] eiwt 
sin r x 

b. Cylindrical coordinates 

Solution o f  the wave equation 

2 k + r  = ro2; r = 2 n / ~  0 

Circularly symmetrical waves: n = 0 

These functions describe traveling waves caused by line sources. For large values of  kr, 

the waves become plane waves 

Ho(2) (kr) -1% e -jkr 

c. Spherical coordinates 

Solution of the wave equation 

h (’) , hn(2) --- spherical Hankel functions 



P r n  

waves originating from a paint source. 

o f  plane waves: 

associated legendre functions of the first kind. These WOVE functions describe 

For large values of kr , the waves have the form 

-jkr 

jkr 
(2) (kr) z - L 

hO 

Ill. Relationships Between Wave Functions i n  Different Coordinates (Review). 

a. Mathematical approach by expressing a specific wave function by another one by 

mathematical manipulation 

1. Plane wave functions expressed by cylindrical waves 

(I) 

Jn = (Hn(l) + Hn(2) ) /2 -- standing cylindrical waves 

2. Cylindrical waves expressed by plane waves 

Mult iply the above equation by e-im and integrate from 0 to  2 . 

2“ a J (kr)= e-jkr cos@ -jm@ dO ; a = I  .-n 
n n  

3. Spherical waves expressed by cylindrical waves 

- ’ /m Ho(2) (r vz) eiUZdu 
-jkr 

r -3- - -  

’-0J 

4. Plane waves expressed by spherical waves 

00 

-jkz = e-jkr cos 0 = r .n 1 (2n + 1 )  jn (Jtr) Pn (COS 0) 
n = O  

jn ( P  ) = V./~P J ~ +  1/2 ( P ) -------spherical Bessel function. 



b. Physics Approach 

harmonically varying current on an infinite wire along the z-axis of a cylindrical coordi- 

nate system. The rodiation field can be described by 

Example: Spherical waves expressed by cylindrical wave functions. Assume o constanl 

= c1 H ~ ( ~ )  ( r O p  ). 

- r  zand I f  waves travel along the wire, we write e' 

A 2 = C  H (2)(kP);k 2 +r:=ro 2 
2 0  

A point source of a current can be expressed by o delta function 

W 

I (2) = 6(z) = - i r z z  d r  

The rodiation by the point source i s  hence given by 

m 

The far-field of a point source i s  also 

This leads to the same relationship as found by pure mathematical considerations. 
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IV. Wove Plopgation in Nonuniform Media (Reference [3] ) .  

(Figure 3) 

V x F  = -iw p R, 

EoEr(T ' )  - E + [ E ~ E ~ ( T ' ) ]  'E = 0 

The following identities are introduced: 

V X V X  F =  V ( V .  s) - v21, 

' 8  2 
W , c = 3 x 10 m/sec. Where E ~ ( T ' ) = ~ + A E , ( T ' ) , P ,  2 2  = W  E = 

opo 7 
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The nonhomogeneous wave equation i s  solved by a Hertz vector 
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and deriving a recursion formula. 

Example: Doppler Shift i n  Nonuniform Media 

The field intensity i s  

i 0 (7 )jwt E ( Y ' . t ) = A ( T )  e , 

Where log A (C ) = Re [I d E ( 7 )  / E  ( 7 ) d s j  , 
0 

S 

0(T)= 1 - 5 1  - / E  (T)ds ' ]  . 
0 

The Doppler Shift i s  

I f  s has the direction of the velocity of the source V we find 

The equation permits representation of the Doppler Shift i n  closed form. 

V. Wave Propagation i n  Plasma (Reference [41 and 51 ). 

1. Plasma Properties 

The properties of an isotropic transmission medium can be described by 

medium constants which interrelate the field quantities. 
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where 

E = c O c r  = eo(er'  - i  cr" 1, 

P =  P ~.r = C L ~ ( P ~ '  - i P  " ) .  
o r  

We use Maxwell's equation 

v x i q = s  = + T  = ( iwE + G ) E =  iw E O E r L  
tot 3t 

For anisotropic media, E becomes a tensor, 

D = E  
x 1 1  E x +  €12 E y +  €13 E2 ' 

D = E  E + €  
y 21 x 22 E y +  €23 Ez ' 

D = E  
z 31 E x f  '32 E y f  € 3 3  ' 

so that 

Expressing the tensor permittivity by a conductivity yields 
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Where 7 i s  the unit diadic. 

i n  the wse of a plasma 
N 

Jt0+ = iw E E + 1 q n v n  - 
n = l  

The second term i s  due to the motion of the N particles, with the individual charges q 

and velocities iT . The motion i s  caused by the internal dynamics of the particles 

and by external forces 

To take into accomt the interaction with each particle separately i s  impossible and sim- 

plif ied models have to be applied. Statistical methods and averaged quantities are 

commonly used. 

Simplifying assumptions: Interaction with electrons only, Mnxwell-Boltzmann velocity 

distribution, collision frequency i s  constant, quasi-static field interaction, static 

magnetic field in z-direction of a rectangular coordinate system. With these assump- 
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Further relationships: 

2 1/2 1/2 
plasma frequency w = (Neqe / corno) 56.5 Ne , 

P 

e Qci 
collision frequency u =Ni <v  > 

BZ 
gyro frequency w = q e  

q me 

These equations are obtained by derivation from b l t m a n n ' s  equation and represent a 

simplified but useful model for the plasma properties. 

2. Wave Propagation: 

- - -  - V x F  = - i w p o ~ , V x F i  = i w ~ F  = i w E  E 
o r  - E , 

Assume a solution of the vector wave equation in rectangular coordinutes in the yz-plane 

with a magnetic field i n  the z-direction (B ) (see Fig. 4) 
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2 2 2  - 
E = F~ exp [ i(wt - ry y - r zz)] , r = 

y,z By,, - i  ay,z ' f = r y + r z  . 
We obtain 

2 ~ 2 E  + O = O ,  2 2 1  
( r  - Bo - i P o  

O + r  r E + ( r  2 - 9 ,  2 E T ) E Z = O .  
Y Z Y  Y 

Setting the determinant zero and introducing 

rz = r c o s 8 ,  r = r s i n e  
Y 

yields the dispersion relation 

where 

2 2 A = E MS 8 + E' sin e , 

B -  + 1 2 -  B 4AC ( + I  = 2A 
The solution i s  
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Index of refraction n = , P o  = 2 n [ / h o .  

3. Typical cases of  wave propagation. 

a. No magnetic field: 

w = O , d  = E € 2  = o ,  
q r '  r 

2 3 
A = B = ( E >  , C = ( E )  . 

2 
E = 1 - P  
r 1 - i q  ' 

E --- equivalent relative permittivity o f  the plasma. 
r 

b. Propagation along a magnetic field: 

0 = 0 ,  

2 2  
A = E B =  ~ E ' E  C = [ ( c , ' ?  - ( c r )  ] cy, 

r '  r r '  

2 
2 

r - - ( E r  ' 2 , ) .  
50 

The typicol wave modes which are circularly polarized, have different 

wave velocities and propagotion constants r . 



C. Propagation across magnetic fields: 

Q = x/2, 

A =  E' r '  B = E ' E  r r  + [ ( E : ) ~  - (E,",'], 

c = [ ( E;,2 - (€ ,"I2  ] 
Er, 

r!2 = B E r '  

o r  1 - ( + f J .  
E 

r 
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X )$-y 

A '  

Fig, 1 Coordinate systems 

F1 for T i  F1 for T i  + A1 

\ 
\ I 

I A T  
1 

X 
t 

- 
z +az z .  a 

F l ( t + a T  - 7 ) = - F 1  ( t - 7 )  I f A T =  

Fig. 2 Waves traveling in the positive x-direction 

Fig. 3 Fig. 4 
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R a d i o  As t ronomy a n d  Its R e l a t i o n s h i p  t o  S p a c e  Communica t ions  

( A b s t r a c t )  

by W i l l i a m  C. E r i c k s o n  

From a n  o b s e r v a t i o n a l  s t a n d p o i n t ,  r ad io  waves a re  a power- 

f u l  t o o l  for  e x p l o r i n g  the u n i v e r s e  for two r e a s o n s :  r a d i o  re- 
c e i v i n g  s y s t e m s  a r e  f a r  more s e n s i t i v e  t h a n  o p t i c a l  s e n s o r s  so 
t h e y  c a n  d e t e c t  f l u x e s  of r a d i a t i o n  many orders of  m a g n i t u d e  
l o w e r  t h a n  those d e t e c t a b l e  o p t i c a l l y ,  a n d  r a d i o  waves  p r o p a g a t e  
u n h i n d e r e d  t h r o u g h  c l o u d s  of i n t e r s t e l l a r  m a t e r i a l  w h i c h  e x t i n -  

g u i s h  o p t i c a l  r a d i a t i o n .  From a t h e o r e t i c a i  s t a n d p o i r l i ,  r ad io  

o b s e r v a t i o n s  a l l o w  u s  t o  examine  a w h o l e  r a n g e  of e n e r g e t i c  p r o -  

cesses which o c c u r  i n  the u n i v e r s e  and  w h i c h  a r e  n o t  detectable  

b y  other means. T h u s ,  r a d i o  o b s e r v a t i o n s  y i e l d  d a t a  c o n c e r n i n g  

a much l a r g e r  s a m p l e  of the u n i v e r s e  t h a n  t h a t  o b s e r v a b l e  b y  

other means ,  a n d  y i e l d  d a t a  c o n c e r n i n g  e n e r g e t i c  p r o c e s s e s  w h i c h  
may be the k e y  t o  man-y of the m o s t  i n t r i g u i n g  problems i n  as t ro-  
p h y s i c s .  

I n  r e l a t i o n  t o  s p a c e  c o m m u n i c a t i o n s  s y s t e m s ,  g a l a c t i c  b a c k -  

g r o u n d  r a d i a t i o n  is the p r i m a r y  component  of t o t a l  s y s t e m  n o i s e  

a t  l o w  f r e q u e n c i e s .  A t  L-band and  a b o v e ,  t h i s  is n o t  the c a s e ,  

but w i t h  high g a i n  a n t e n n a s  the n o i s e  i n t e n s i t y  r e c e i v e d  i n  cer- 
t a i n  d i r e c t i o n s  f rom discrete r a d i o  s o u r c e s  c a n  be i m p o r t a n t .  

S o l a r  e m i s s i o n  c a n  c a u s e  s e r i o u s  d i s t u r b a n c e s  u n d e r  a n y  c o n d i -  

t i o n s .  A t  l o n g  w a v e l e n g t h s  the s c a t t e r i n g  o f  r a d i o  waves  b y  
i n t e r p l a n e t a r y  e l e c t r o n  c l o u d s  s h o u l d  be c o n s i d e r e d .  
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C ' , E a r t h  E n v i r o n m e n t  E f f e c t s  
b y  S. F r e d  Singer- rm"' p sa-  ' '4 

6 s - 1 . r  J 

I n t r o d u c t i o n  

T h e  m a g n e t o s p h e r e  o f  the e a r t h  c o v e r s  the r e g i o n  where 
i o n i z e d  g a s  ( p l a s m a )  p l a y s  a n  i m p o r t a n t  p a r t  i n  the 
d y n a m i c s  of the a t m o s p h e r e  a n d  w h e r e  the g e o m a g n e t i c  

f i e l d  therefore o c c u p i e s  a n  i m p o r t a n t  role. The  mag- 

n e t o s p h e r e  b e g i n s  (by  c o n v e n t i o n )  a t  the maximum of 
the F l a y e r  o f  the i o n o s p h e r e ,  a t  a b o u t  250 km, a n d  
e x t e n d s  o u t  t o  p e r h a p s  10 t o  1 5  e a r t h  r a d i i ,  a t  w h i c h  

p o i n t  the i n t e r p l a n e t a r y  p lasma or s o l a r  wind  l i m i t s  
the e a r t h ' s  m a g n e t o s p h e r e .  ( F o r  r e f e r e n c e ,  the e a r t h ' s  
r a d i u s  is 6 , 3 7 0  km (4 ,000  m i l e s ) .  
W e  o u t l i n e  here the p r o p e r t i e s  o f  the m a g n e t o s p h e r e  a s  

t h e y  a re  known a n d  of phenomena o c c u r r i n g  i n  the mag- 
n e t o s p h e r e ;  b u t  it s h o u l d  be s t r e s s e d  t h a t  a l l  t h r o u g h -  

o u t  the d y n a m i c s  a r e  v e r y  i m p o r t a n t ,  b u t  h a r d l y  known. 
Time v a r i a t i o n s  o c c u r  e v e r y w h e r e  i n  the m a g n e t o s p h e r e ,  

e . g . ,  i n  the d e n s i t y  a n d  c o m p o s i t i o n  a t  a l t i t u d e s  a s  
l o w  down a s  500 km. F o r  the m o s t  p a r t ,  however ,  we 
w i l l  be t a l k i n g  a b o u t  "mean" p r o p e r t i e s ,  w i t h  o n l y  
s l i gh t  r e f e r e n c e  t o  these t i m e  v a r i a t i o n s .  
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Thermosphere  

B e g i n n i n g  a t  a b o u t  80 km the 02 m o l e c u l e  i s  r a p i d l y  

dissociated b y  so la r  u l t r a v i o l e t  i n  the Schuman 

Runge b a n d s :  by a b o u t  1 2 0  km t o  1 5 0  km, the  p r o c e s s  

is n e a r l y  c o m p l e t e .  N i t r o g e n ,  b e c a u s e  of i t s  higher 
d i s s o c i a t i o n  e n e r g y  r e m a i n s  m a i n l y  i n  m o l e c u l a r  f o r m .  
T h u s ,  a t  250  km the major c o n s t i t u e n t s  a r e  a t o m i c  

oxygen a n d  m o l e c u l a r  n i t r o g e n .  M o s t  of the i o n s  a r e  

i n  the f o r m  of O+. T u r b u l e n t  m i x i n g  of the a t m o s p h e r e  

is b e l i e v e d  t o  s t o p  somewhere b e t w e e n  110 km and 150 
km, so t h a t  g r a v i t a t i o n a l  d i f f u s i o n  p r e d o m i n a t e s  a b o v e  

these a l t i t u d e s .  A s  a c o n s e q u e n c e ,  the h e a v y  gases, 
i n c l u d i n g  a l s o  N2, w i l l  become i n c r e a s i n g l y  less i m -  
p s r t a n t  w i t h  i n c r e a s i n g  a l t i t u d e ,  w h i l e  l i g h t  gases,  

s u c h  a s  He a n d  H p l a y  a more i m p o r t a n t  role. A t  250  
km these a r e  s t i l l  m i n o r  c o n s t i t u e n t s ,  b u t  a t  much 

greater  a l t i t u d e s ,  a s  w e  s h a l l  see, t h e y  e v e n t u a l l y  

p r e d o m i n a t e .  
D e n s i t i e s  a n d  sca le  heights i n  the region 250 t o  600 
km a r e  now well-known f r o m  sa te l l i t e  d r a g  measurements ,  

a s  w e l l  a s  from m o r e  direct  measurements .  Coupled  

w i t h  a knowledge  of a t m o s p h e r i c  c o m p o s i t i o n ,  w h i c h  
g i v e s  mean m o l e c u l a r  w e i g h t ,  it is  p o s s i b l e  t o  d e d u c e  

the t e m p e r a t u r e .  T h i s  r e g i o n ,  s o m e t i m e s  called the 

t h e r m o s p h e r e  has a r e a s o n a b l y  c o n s t a n t  t e m p e r a t u r e ,  

s i n c e  there is  l i t t l e  gas t o  a b s o r b  further e n e r g y  

f r o m  s o l a r  u l t r a v i o l e t  r a d i a t i o n  a n d  t he  heat loss, 
m a i n l y  d u e  t o  the c o r o n a l  t r a n s i t i o n  of atomic o x y g e n  

a t  6 2  m i c r o n s ,  becomes ra ther  s m a l l  and  i s  c o u n t e r -  

a c t e d  b y  c o n d u c t i o n  from below.  Among the most i n -  
t e r e s t i n g  p r o c e s s e s  g o i n g  o n  i n  t h e  thermosphere is  



the upward d i f f u s i o n  of h e l i u m  a n d  h y d r o g e n  a t o m s  

which p e r c o l a t e  r a p i d l y  t o  the 500 t o  600 km l e v e l .  

N e u t r a l  E x o s p h e r e  

A t  t h i s  l e v e l ,  w e  g e n e r a l l y  p l a c e  the b a s e  o f  the 

e x o s p h e r e ,  a r e g i o n  from w h i c h  e s c a p e  o f  n e u t r a l  a t o m s  
becomes p o s s i b l e .  T h e r e  is ,  of c o u r s e ,  no  s h a r p  

b o u n d a r y ,  b u t  b y  c o n v e n t i o n ,  the b a s e  i s  t a k e n  t o  be 

the l e v e l  a t  w h i c h  the "mean f ree  p a t h "  i n  h o r i i o n t a l  

d i r e c t i o n  e q u a l s  the l o c a l  scale  height.  Other  d e f i -  
n i t i o n s  a r e  p o s s i b l e  or e v e n  p r e f e r a b l e ;  f o r  e x a m p l e ,  

t h a t  o n e - h a l f  of the a t o m s  i s s u i n g  i n  a n  upward d i -  

r e c t i o n  w i t h  m o r e  t h a n  e s c a p e  v e l o c i t y ,  w i l l  e s c a p e  

w i t h o u t  making a n y  f u r t h e r  c o l l i s i o n s .  Hydrogen a t o m s  
e s c a p e  m o s t  r a p i d l y  s i n c e  t he i r  RMS s p e e d  a t  a t e m p e r a -  

t u r e  o f  a b o u t  1500° i s  a r o u n d  6 km p e r  s e c o n d ,  so t h a t  

a n  a p p r e c i a b l e  M a x w e l l i a n  t a i l  e x i s t s  h a v i n g  more t h a n  

the e s c a p e  v e l o c i t y .  The e s c a p e  i s  so r a p i d ,  i n  f a c t ,  
t h a t  i t  i s  l i m i t e d  b y  d i f f u s i o n  f rom b e l o w .  T h i s  f a c t  

h a s  o n l y  r e c e n t l y  b e e n  r e a l i z e d .  It  h a s  a n  i m p o r t a n t  
b e a r i n g  o n  the d i u r n a l  v a r i a t i o n  i n  the d e n s i t y  o f  

h y d r o g e n  i n  the e x o s p h e r e ,  a s  w e l l  a s  o n  d e n s i t y  v a r i -  
a t i o n s  d u r i n g  the s o l a r  c y c l e .  B u t ,  i n  p a r t i c u l a r ,  it 

a f f e c t s  the d e n s i t y  a t  a l l  times f o r  h y d r o g e n  a t  d i s -  

t a n c e s  of more t h a n  10 e a r t h  r a d i i ,  s i n c e  t h a t  p o p u l a -  

t i o n  i s  s u p p l i e d  f r o m  the extreme e n d  o f  the M a x w e l l i a n  

t a i l  w h i c h  i s  r e p l e n i s h e d  o n l y  w i t h  g r e a t  d i f f i c u l t y .  

Hel ium a l s o  e s c a p e s  b u t  a t  a lesser r a t e ,  the h e l i u m  
4 i s o t o p e  less r a p i d l y  t h a n  the h e l i u m  3 i s o t o p e .  The 

b o o k k e e p i n g  o p e r a t i o n  w h i c h  es tabl ishes  the r e l a t i v e  

r a t e s  of e s c a p e  a n d  r a t e s  of p r o d u c t i o n  f o r  the t w o  



5 5  

isotopes has n o t  y e t  b e e n  p r o p e r l y  d o n e  a n d  i s  s t i l l  
a c h a l l e n g i n g  f i e l d  of research. 
A t o m i c  o x y g e n  is the p r e d o m i n a n t  c o n s t i t u e n t  i n  the 

l o w e r  e x o s p h e r e ;  v e r y  f e w  a t o m s  e s c a p e .  T h e  remain-  

der  a l l  describe s i m p l e  K e p l e r i a n  trajectories i n  
the e a r t h ' s  g r a v i t a t i o n a l  f i e l d .  

A s i d e  f r o m  b a l l i s t i c  t r a j e c t o r i e s  ( p o r t i o n s  of el- 

l i p s e s )  a n d  escape o rb i t s  w h i c h  a r e  h y p e r b o l i c ,  

there also e x i s t s  the p o s s i b i l i t y  of atoms i n  e l l i p -  
t i c  s a t e l l i t e  o r b i t s ,  p l a c e d  there b y  a v a r i e t y  of 

means. T h e r e  e x i s t s  some d i v e r g e n c e  of o p i n i o n  a b o u t  

the a c t u a l  number o f ,  e .g.  h y d r o g e n  atoms i n  bound 

orbits a t  a d i s t a n c e  of s e v e r a l  e a r t h  r a d i i .  T h i s  

is a n  i m p o r t a n t  p o i n t  s i n c e  the bound o r b i t s ,  i f  t h e y  

a r e  p r e s e n t ,  would i n c r e a s e  the d e n s i t y  o f  h y d r o g e n  

c o n s i d e r a b l y .  I n  v a r i o u s  o b s e r v a t i o n s  on the scatter-  
i n g  of Lyman a l p h a  r a d i a t i o n  the q u e s t i o n  of h y d r o g e n  

d e n s i t i e s  a t  large d i s t a n c e s  e n t e r s  i n  a n  i m p o r t a n t  

way. I t  a l s o  e n t e r s  i m p o r t a n t l y  i n  d e t e r m i n i n g  the 

l i fe t ime of the m a g n e t i c  s t o r m  r i n g  c u r r e n t  (See be- 

low). 
F o r  n e u t r a l  atoms i n  the e x o s p h e r e  o n e  c a n n o t  r e a l l y  
d e f i n e  a t e m p e r a t u r e  s i n c e  the M a x w e l l i a n  d i s t r i b u t i o n  

is  m o d i f i e d  a n d  chopped up; however ,  i n  p r a c t i c e  t h i s  

r a i s e s  no  p r o b l e m  s i n c e  the d e n s i t y  i s  the i m p o r t a n t  
p a r a m e t e r .  An " e f f e c t i v e "  t e m p e r a t u r e  however is  deter- 

mined b y  the t e m p e r a t u r e  of the t h e r m o s p h e r e .  The  l a t t e r  
is known t o  v a r y  and  a s  a c o n s e q u e n c e  the d e n s i t i e s ,  

c o m p o s i t i o n a l  r a t i o s ,  etc. i n  the e x o s p h e r e  w i l l  a l s o  
v a r y ,  b u t  th i s  s u b j e c t  h a s  n o t  b e e n  f u l l y  d e v e l o p e d  

ei ther t h e o r e t i c a l l y  or e x p e r i m e n t a l l y .  



Maqne t o s p h e r i c  P lasma 

Q u i t e  a s e p a r a t e  t o p i c  is  the s t a t u s  o f  the i o n i z e d  

gas  i n  the r e g i o n  o f  the e x o s p h e r e ;  i .e.,  the magnetos-  

p h e r i c  p lasma,  p r o p e r l y  s p e a k i n g .  B e c a u s e  of i t s  
v e r y  l a r g e  c o l l i s i o n  cross s e c t i o n ,  e s s e n t i a l l y  the 

Coulomb cross s e c t i o n ,  i o n s  do n o t  form a n  e x o s p h e r e  

u n t i l  the i r  d e n s i t y  d r o p s  b e l o w  s o m e t h i n g  l i k e  ,200 

p e r  c m 3 .  
b e e n  t r e a t e d  t h e o r e t i c a l l y ,  b u t  show t h a t  the i o n s  

c a n n o t  e s c a p e  b e c a u s e  of the e a r t h ' s  m a g n e t i c  f i e l d .  
I n s t e a d ,  there e x i s t s  t w o  t y p e s  o f  o r b i t s ,  those 

t h a t  go o v e r  the t o p  t h r o u g h  the e q u a t o r i a l  p l a n e  
a n d  those t h a t  a r e  b r o u g h t  b a c k  b y  t he  g r a v i t a t i o n a l  

f i e l d  b e f o r e  t h e y  r e a c h  the e q u a t o r i a l  p l a n e .  I n  
the p o l a r  r e g i o n s  the p r o b l e m  o f  e s c a p e  i s  less w e l l -  

d e f i n e d :  it may be p o s s i b l e  fo r  i o n s  t o  move o u t  

a l o n g  l i n e s  o f  f o r c e  i n t o  i n t e r p l a n e t a r y  s p a c e ,  b u t  
the t o p o l o g y  of these l i n e s  is  n o t  w e l l  e n o u g h  known. 

( C o n v e r s e l y ,  i n t e r p l a n e t a r y  plasma c a n  move a l o n g  
these l i n e s ,  of c o u r s e ,  down i n t o  the e a r t h ' s  ther- 

mosphere .  ) 
T h r o u g h o u t  m o s t  o f  the  m a g n e t o s p h e r e  the i o n s  a r e  
i n  t h e r m a l  e q u i l i b r i u m  b e c a u s e  o f  f r e q u e n t  c o l l i s i o n s  

a n d  f o r m  e s s e n t i a l l y  a b a r o s p h e r e  t h a t  o b e y s  the 

h y d r o s t a t i s  e q u a t i o n  ( u n l i k e  the n e u t r a l  a toms) .  

W i t h  f r e q u e n t  c o l l i s i o n s  a n  i o n  c a n  d r i f t  a c r o s s  

The p r o b l e m s  of a n  i o n o - e x o s p h e r e  h a v e  o n l y  



l i n e s  of force a n d  i s  n o  l o n g e r  bound t o  a p a r t i c u l a r  

l i n e ,  T h e r e f o r e ,  the i n f l u e n c e  of the m a g n e t i c  f i e l d  

is n o t  i m p o r t a n t .  On the other h a n d ,  it h a s  b e e n  

shown t h a t  the d i f f e r e n t i a l  d i f f u s i o n  r e s u l t i n g  f r o m  

the v e r y  l ight m a s s  of the n e g a t i v e  e l e c t r o n s  p r o d u c e s  

a n  e l e c t r o s t a t i c  f i e l d ,  r a d i a l l y  o r i e n t e d ,  which a c t s  

t o  r e d u c e  the g r a v i t a t i o n a l  force on the i o n s  a n d  

t h e r e f o r e  " p u l l s  them up." As a r e s u l t ,  the  concen-  

t r a t i o n  of the l i g h t  i o n s ,  

i n c r e a s e  w i t h  a l t i t u d e  i n  the  p r e s e n c e  of the predomi-  

n a n t  i o n ,  0'. T h i s  p r o c e s s  s t o p s  when the O+ d e n s i t y  

h a s  f a l l e n  t o  a s u f f i c i e n t l y  low v a l u e  where He+ be- 

comes p r e d o m i n a n t ,  a n d  it w i l l  t h e n  f a l l  o f f  a c c o r d -  

i n g  t o  a q u a s i - b a r o m e t r i c  l a w .  the e x a c t  n a t u r e  o f  
w h i c h  has n o t  y e t  b e e n  d e l i n e a t e d ,  e i t he r  theoret i -  

c a l l y  o r  e x p e r i m e n t a l l y .  The  i n t e r e s t i n g  p o s s i b i l i t y  

h a s  b e e n  r a i s e d  o f  t he  e x i s t e n c e  o f  d o u b l y  and e v e n  
t r i p l y - i o n i z e d  i o n s ,  s u c h  a s  He++ and  O++ and O'++. 
T h e s e  h i g h l y  charged i o n s  w i l l  be " p u l l e d  up" b y  the 

e lec t ros ta t ic  f i e l d  so t h a t  r e c o m b i n a t i o n ,  and,  there- 
f o r e ,  t he i r  r a t e  of d i s a p p e a r a n c e ,  becomes q u i t e  s m a l l ,  
t h u s  i n c r e a s i n g  the i r  e q u i l i b r i u m  c o n c e n t r a t i o n .  T h e i r  

e x i s t e n c e  has n o t  y e t  b e e n  d e m o n s t r a t e d  e x p e r i m e n t a l l y .  

The  t e m p e r a t u r e  of the t h e r m o s p h e r e  is  d e t e r m i n e d  m a i n l y  

b y  the a b s o r p t i o n  of s o l a r  u l t r a v i o l e t .  T h i s  is shown 

q u i t e  c l e a r l y  b y  the l a r g e  d i u r n a l  v a r i a t i o n  i n  t e m -  
p e r a t u r e .  While other h e a t i n g  s o u r c e s  may o c c a s i o n -  

a l l y  be i m p o r t a n t ,  s u c h  a s  h y d r o m a g n e t i c  waves, 

s u c h  a s  He+ a n d  Ht ,  w i l l  
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a n d  c o r p u s c u l a r  r a d i a t i o n  i n  the a u r o r a l  z o n e ,  it 

seems c l e a r  t h a t  the a b s o r p t i o n  o f  s o l a r  u l t r a v i o l e t  

i s  o f  o v e r r i d i n g  i m p o r t a n c e .  The a b s o r p t i o n  o f  a W 

p h o t o n  c r e a t e s  a p h o t o - e l e c t r o n  h a v i n g  c o n s i d e r a b l e  

e n e r g y .  Many of these move i n  a n  upward d i r e c t i o n  
a n d  b e c a u s e  o f  t h e i r  high v e l o c i t y  ( a n d  s m a l l  Coulomb 

cross s e c t i o n ) ,  t h e y  a r e  e f f e c t i v e l y  t r a p p e d  b y  the 

m a g n e t i c  f i e l d  a n d  f o l l o w  the l i n e  of f o r c e  t o  the 

other  h e m i s p h e r e .  As a r e s u l t ,  there must  e x i s t  a 

c o r o n a  o f  hot e l e c t r o n s  i n  the e a r t h ' s  m a g n e t o s p h e r e .  

T h e s e  e l e c t r o n s  may p r o v i d e  the seeds f o r  the high 

e n e r g y  t r a p p e d  e l e c t r o n s ,  e s s e n t i a l l y  b y  a l l o w i n g  

t h e m s e l v e s  t o  be a c c e l e r a t e d  b y  v a r i o u s  t y p e s  o f  
h y d r o m a g n e t i c  waves  i n  the m a g n e t o s p h e r e .  Then  a g a i n ,  
the hot e l e c t r o n s  a r e  i m p o r t a n t  a l s o  s i n c e  t h e y  de te r -  

mine  the e l ec t r i c  c h a r g e  o f  bodies moving i n  the mag- 
n e t o s p h e r e .  

V a r i o u s  a u t h o r s  h a v e  p o i n t e d  t o  the p o s s i b i l i t y  o f  

c o n v e c t i o n  i n  the m a g n e t o s p h e r e .  Some p i c t u r e  it i n  

t e r m s  of i n s t a b i l i t i e s ,  b u t  there  i s  no  a g r e e m e n t  o n  

t h i s  p o i n t .  O t h e r s  h a v e  d i s c u s s e d  a n  o r d e r e d  c o n v e c -  

t i o n  b a s e d  o n  e x t e r n a l  e l ec t r i c  f i e l d s  d u e  t o  the i n -  
t e r a c t i o n  o f  the e a r t h ' s  m a g n e t i c  f i e l d  w i t h  the 

s o l a r  wind.  One model o f  m a g n e t i c  storms i s  b a s e d  

o n  s u c h  a c o n v e c t i o n  t h e o r y .  

I n t e r p l a n e t a r y  D u s t  P a r t i c l e s  

The  e a r t h ' s  g r a v i t a t i o n a l  f i e l d  c a u s e s  the d e f l e c t i o n  

o f  o r b i t s  o f  s m a l l  i n t e r p l a n e t a r y  d u s t  p a r t i c l e s ,  s o m e  

o f  w h i c h  a r e  e v e n  a c c r e t e d  b y  the e a r t h .  A number o f  

t h e o r e t i c a l  i n v e s t i g a t i o n s  h a v e  b e e n  made w h i c h ,  s u r -  
p r i s i n g l y ,  l e a d  t o  d i f f e r e n t  r e s u l t s .  The w r i t e r  be- 

l i e v e s  t h a t  the g r a v i t a t i o n a l  f i e l d  w i l l  i n c r e a s e  the 

d u s t  c o n c e n t r a t i o n  b y  a s m a l l  f a c t o r ,  c a u s i n g  a maxi-  

mum a t  a n  a l t i t u d e  o f  a b o u t  2 ,000  km a b o v e  s e a  l e v e l .  
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On the other h a n d ,  the m e a s u r e d  q u a n t i t y ,  t h e  f l u x ,  

o f  d u s t  p a r t i c l e s  w i l l  s h o w  a v e r y  pronounced i n -  

crease, s o m e t h i n g  l i k e  t w o  or three o r d e r s  o f  magni-  

t u d e ,  w i t h  a p e a k  a t  2,000 km, a n d  t h u s  form a d u s t  

shel l .  The e x p e r i m e n t a l  r e s u l t s  so f a r  seem to  bear 
o u t  t h i s  p o i n t  of view.  A f u r t h e r  t h e o r e t i c a l  p re-  

d i c t i o n  is a m o r n i n g  t o  e v e n i n g  asymmetry of the f l u x  

of v e r y  s m a l l  d u s t  p a r t i c l e s  i n  the v i c i n i t y  of the 

e a r t h .  T h i s  would  be p r o d u c e d  t h r o u g h  the e f f ec t s  
o f  s o l a r  r a d i a t i o n  p r e s s u r e .  The q u e s t i o n  o f  w h e t h e r  

d u s t  p a r t i c l e s  e x i s t  i n  s a t e l l i t e  orbits about  the 

e a r t h  has  b e e n  r a i s e d  b u t  h a s  n o t  b e e n  set t led e i ther  

the ore t ica  11 y or e x  per i m e n t a  11 y - 
G e o m a g n e t i c  F i e l d  

The  e a r t h ' s  m a g n e t i c  f i e i d  is quite c o m p l i c a t e d  a t  
s e a  l e v e l  s i n c e  the l o c a l  a n o m a l i e s  a re  still  q u i t e  

pronounced .  A t  l a r g e r  d i s t a n c e s  f r o m  the e a r t h ,  the 

a p p r o x i m a t i o n  of a n  e c c e n t r i c a l l y  p l a c e d  d i p o l e  is 
a d e q u a t e  for many p u r p o s e s .  However, fo r  r e f i n e d  

c a l c u l a t i o n s ,  for  e x a m p l e ,  o n  the l i f e t i m e  of rad ia-  
t i o n  be l t  p a r t i c l e s ,  it is o f t e n  n e c e s s a r y  t o  u s e  

the a c t u a l  f i e l d .  T a b l e s  h a v e  b e e n  p r e p a r e d  g i v i n g  

the p o s i t i o n s  of f i e l d  l i n e s  a n d  e v a l u a t i n g  the mag- 
n i t u d e  of the f i e l d  a l o n g  the f i e l d  l i n e ,  g i v i n g  

the l o n g i t u d i n a l  i n v a r i a n t s  a n d  other i n f o r m a t i o n  
n e c e s s a r y  for  the p u r p o s e .  

T r a p p e d  R a d i a t i o n  

High-energy  p a r t i c l e s  t r a p p e d  i n  t he  e a r t h ' s  m a g n e t i c  

f i e l d  c o n s t i t u t e  o n e  of the i n t e r e s t i n g  phenomena i n  
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the m a g n e t o s p h e r e .  F o r  p u r p o s e s  o f  d i s c u s s i o n ,  w e  
w i l l  t a k e  t h e m  i n  f o u r  g r o u p s .  

1. P r o t o n s  b e t w e e n  10  t o  700 M e V .  T h e s e  p r o t o n s  

a r e  l o c a t e d  m a i n l y  i n  the l o w e r  p a r t  of the magnetos-  

p h e r e  a l o n g  l i n e s  o f  f o r c e  w h i c h  e x t e n d  u p  t o  a l a t i -  
t u d e  of a b o u t  50°. The m o s t  s u c c e s s f u l  e x p l a n a t i o n  

of t he i r  o r i g i n  is i n  t e r m s  of the d e c a y  p r o t o n s  from 
a l b e d o  n e u t r o n s  p r o d u c e d  b y  cosmic r a y s  w h i c h  e n t e r  
the ea r th ' s  a t m o s p h e r e .  T h i s  n e u t r o n  albedo t h e o r y  

s e e m s  t o  a c c o u n t  q u i t e  w e l l  f o r  the s p a t i a l  d i s t r i b u -  

t i o n  of p r o t o n s ,  f o r  the o b s e r v e d  e n e r g y  s p e c t r u m ,  

a n d  e v e n  for  some of the o b s e r v e d  t i m e  v a r i a t i o n s .  

The  l a t t e r  seem t o  be d u e  t o  the t i m e  v a r i a t i o n s  i n  

the i n f l u x  o f  cosmic r a y s ,  p a r t i c u l a r l y  the l a r g e  

b u r s t s  a s s o c i a t e d  w i t h  s o l a r  f l a r e s .  T h e s e  e n t e r  i n  

the p o l a r  r e g i o n s ,  p r o d u c e  n e u t r o n  a l b e d o  b y  d i s i n -  

t e g r a t i o n  o f  a t m o s p h e r i c  n u c l e i ;  the n e u t r o n  albedo, 
i n  t u r n ,  e n h a n c e s  the t r a p p e d  p r o t o n  i n t e n s i t i e s .  

The n e u t r o n  a l b e d o  t h e o r y  p r e d i c t s  v e r y  w e l l  the a l -  
t i t u d e  d e p e n d e n c e  o f  t r a p p e d  p r o t o n s  a n d  s h o w s  t h a t  
it is r o u g h l y  i n v e r s e l y  p r o p o r t i o n a l  t o  the a tmos-  
p h e r i c  d e n s i t y  u p  t o  a l t i t u d e s  o f  a f e w  t h o u s a n d  

k i l o m e t e r s .  I n  f a c t ,  i t  h a s  become p o s s i b l e  t o  u s e  
the m e a s u r e m e n t s  o n  t r a p p e d  p r o t o n s  t o  d e d u c e  a tmos-  

p h e r i c  scale heights a n d  d e n s i t i e s .  The n e u t r o n  

a l b e d o  t h e o r y  p r e d i c t s  r a t h e r  l o n g  l i f e t i m e s  f o r  high 

e n e r g y  p r o t o n s ,  o f  the order of s e v e r a l  h u n d r e d  y e a r s ,  

a t  a l t i t u d e s  of 2 ,000  - 3,000 km. A t  much higher 

a l t i t u d e s ,  the t r a p p i n g  p r o p e r t i e s  of the m a g n e t i c  

f i e l d  a p p a r e n t l y  a r e  weakened a n d  the l i f e t i m e  of 
the high e n e r g y  p r o t o n s  i s  c o n s i d e r a b l y  r e d u c e d ,  
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l e a d i n g  t o  a r e d u c e d  i n t e n s i t y .  As a r e s u l t ,  the 
t r a p p e d  p r o t o n s  show a maximum a t  a n  a l t i t u d e  of a b o u t  
o n e - h a l f  ea r th  r a d i u s .  

2. P r o t o n s  w i t h  e n e r g y  b e l o w  10  M e V  o r i g i n a t e  
a t  l e a s t  p a r t l y  f r o m  the d e c a y  of a l b e d o  n e u t r o n s ,  

b u t  there may a l s o  be a n o t h e r  s o u r c e ,  m a i n l y ,  l o w  

e n e r g y  p r o t o n s  f r o m  i n t e r p l a n e t a r y  s p a c e  which, i n  

t u r n ,  may become a c c e l e r a t e d  i n  the e a r t h ' s  m a g n e t i c  

f i e l d .  Not too much is known y e t  a b o u t  the d e t a i l e d  

d i s t r i b u t i o n  of v e r y  l o w  e n e r g y  p r o t o n s  i n  the mag- 

n e t o s p h e r e .  w i t h  e n e r g i e s  b e l o w  100 Kev. 

3. H i g h  e n e r g y  e l e c t r o n s ,  i .e . ,  those h a v i n g  
a n  e n e r g y  greater  t h a n  300 Kev, a re  o n l y  p a r t l y  a c -  

c o u n t e d  for  b y  cosmic r a y  a l b e d o  n e u t r o n s ,  which 

p r o d u c e  e l e c t r o n s  i n  b e t a  CieCdy. Sincc :?..e fl-x nf 
lower e n e r g y  e l e c t r o n s  i s  so grea t ,  it s u g g e s t s  t h a t  
a n o t h e r  s o u r c e  is p r e s e n t ,  p o s s i b l y  the a c c e l e r a t i o n  

of the high e n e r g y  t a i l  o f  m a g n e t o s p h e r i c  plasma. 
L a r g e  t i m e  v a r i a t i o n s  i n  i n t e n s i t y  a r e  o b s e r v e d ,  cor- 
r e l a t e d  w i t h  m a g n e t i c  s t o r m s ,  a n d  s u g g e s t i n g  a re la -  
t i o n s h i p  w h i c h ,  h o w e v e r ,  h a s  n o t  b e e n  u n r a v e l e d .  It 

is c l e a r  t h a t  c o m p l i c a t e d  a c c e l e r a t i o n  p r o c e s s e s  a r e  
p r e s e n t ,  a n d  it is  m o s t  l i k e l y  t h a t  the u l t i m a t e  e n -  

e r g y  for these c o m e s  f r o m  the S u n ,  p r o b a b l y  i n  the 

form of s h o c k  w a v e s  t r a n s m i t t e d  t h r o u g h  t h e  i n t e r -  

p l a n e t a r y  p lasma i n t o  the e a r t h ' s  m a g n e t o s p h e r e .  
4.  The l o w  e n e r g y  e l e c t r o n s  a r e  l a r g e l y  r e s p o n -  

sible for  the o b s e r v e d  a u r o r a .  The e n e r g y  f l u x  i n t o  

the a u r o r a l  z o n e s  is much too large t o  be a c c o u n t e d  

for i n  terms of a cosmic r a y  o r i g i n  for t h e  e l e c t r o n s .  
T h i s  f u r t h e r  s u p p o r t s  the idea for  a n o t h e r  mechanism 

w h i c h  f u r n i s h e s  t r a p p e d  e l e c t r o n s .  
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Maqnet  i c  Storms 

M a g n e t i c  storms a re  a complex  phenomenon whose c a u s e  
is b e l i e v e d  t o  l i e  i n  the m a g n e t o s p h e r e .  It s o m e t i m e s  
s t a r t s  w i t h  a " s u d d e n  commencement," w h i c h  may i n  s o m e  
c a s e s  e v e n  be p r e c e d e d  b y  a " r e v e r s e  s u d d e n  commence- 

m e n t . "  T h e r e  a r e  two schools o f  t h o u g h t  a s  t o  the lo- 
c a t i o n  of the c u r r e n t s  c a u s i n g  t h i s  m a g n e t i c  d i s t u r b a n c e ,  

a n d  it would  be i m p o r t a n t  t o  know w h e t h e r  the c u r r e n t s  
a r e  i n d e e d  l o c a t e d  i n  the i o n o s p h e r e  a s  some w o r k e r s  be- 

l i e v e .  The "main p h a s e "  o f  the m a g n e t i c  storm w h i c h  

f o l l o w s  the s u d d e n  commencement a n d  l a s t s  fo r  a d a y  or 
so is  now g e n e r a l l y  b e l i e v e d  t o  be d u e  t o  a r i n g  c u r -  
r e n t  made u p  o f  t r a p p e d  p a r t i c l e s .  The n a t u r e  of the 

p a r t i c l e s  i s  n o t  c e r t a i n .  They c o u l d  e i ther  be l o w  
e n e r g y  p r o t o n s  w h i c h  a r e  t h e n  removed b y  c h a r g e  e x -  

c h a n g e  w i t h  n e u t r a l  h y d r o g e n ;  o n  the other h a n d ,  t h e y  
c o u l d  a l s o  be l o w  e n e r g y  e l e c t r o n s ,  w h i c h  a r e  removed 

b y  s c a t t e r i n g .  V a r i o u s  e x p e r i m e n t a l  tests h a v e  b e e n  
p r o p o s e d  t o  d i s t i n g u i s h  b e t w e e n  these t w o  p o s s i b i l i t i e s ,  

b u t  t h e y  h a v e  n o t  a s  y e t  b e e n  carr ied o u t .  

F i n a l l y ,  we come t o  d i s c u s s  the o u t e r  l i m i t s  of the 

e a r t h ' s  m a g n e t o s p h e r e .  I ts  l i m i t s  h a v e  b e e n  d e t e r m i n e d  
both b y  m a g n e t i c  m e a s u r e m e n t s  a n d  p lasma m e a s u r e m e n t s ,  

a s  w e l l  a s  b y  m e a s u r e m e n t s  o f  the t r a p p e d  p a r t i c l e s .  
They s u g g e s t  a t e a r d r o p  s h a p e  w i t h  a f l a t t e n i n g  i n  the 

d i r e c t i o n  o f  the Sun d u e  t o  the p r e s s u r e  o f  the  so la r  
wind .  I t  i s  b e l i e v e d  t h a t  a f i x e d  s h o c k  wave,  a bow 

wave, ex i s t s  a t  some d i s t a n c e  i n  f r o n t  o f  the b o u n d a r y  

a n d  t h a t  b e t w e e n  the s t a t i o n a r y  s h o c k  f r o n t  (which 

v u s t  be c o l l i s i o n - l e s s )  a n d  the a c t u a l  c a v i t y  b o u n d a r y ,  
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the s o l a r  p l a s m a ,  f l o w i n g  through the shock  f r o n t ,  

may t h e r m a l i z e  and t h e n  f l o w  a l o n g  w i t h  t h e  boun-  

d a r y  o f  the g e o m a g n e t i c  c a v i t y .  The  e s t i m a t e s  f r o m ,  

r o u g h l y ,  s e v e n  s a t e l l i t e  and s p a c e - p r o b e  f l i g h t s  so 
f a r  would i n d i c a t e  t h a t  the c a v i t y  o n  the s u n l i t  

s i d e  e x t e n d s  t o  a b o u t  10 e a r t h  r a d i i  and t h a t  the 

s h o c k  f r o n t  is  l o c a t e d  a t  a b o u t  1 5  earth r a d i i .  It 
is  c l e a r ,  however ,  t h a t  a p r o p e r  e x p l o r a t i o n  o f  t h i s  

d i f f i c u l t  b o u n d a r y  r e g i o n  c a n  be o b t a i n e d  o n l y  by 

r e p e a t e d  meaus remen t s .  Time v a r i a t i o n s  c e r t a i n l y  d o  
e x i s t  and s h o u l d  be r e l a t e d  t o  m a g n e t i c  s to rm e f f e c t s  

o b s e r v e d  w i t h i n  the m a g n e t o s p h e r e  and  o n  t h e  earth. 
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S t r u c t u r e  o f  the  I o n o s p h e r e  

( A b s t r a c t )  

b y  R. E. Bourdeau  

R e s u l t s  of rocket and  s a t e l l i t e  e x p e r i m e n t s  d e s i g n e d  

t o  s t u d y  the c h a r a c t e r i s t i c s  of c h a r g e d  p a r t i c l e s  i n  the 

i o n o s p h e r e  w e r e  d i s c u s s e d  a n d  compared w i t h  g r o u n d - b a s e d  

i o n o s p h e r i c  o b s e r v a t i o n s .  Models w e r e  p r e s e n t e d  of the 

i o n o s p h e r e  t o  a l t i t u d e s  o f  2 ,000  km w h i c h  i n c l u d e s  the D, 

E,  and  F r e g i o n s  a s  w e l l  a s  the h e l i o s p h e r e  and  the b a s e  

o f  the p r o t o n o s p h e r e .  

SPECIALIZED TOPICS I1 

C o h e r e n c e  P r o p e r t i e s  o f  L i g h t  

( A b s t r a c t  ) 

b y  E. Wolf 

I n  the f i r s t  p a r t  of t h i s  l e c t u r e ,  a n  i n t r o d u c t o r y  

a c c o u n t  was  g i v e n  o f  the b a s i c  c o n c e p t s  r e l a t i n g  t o  the 

d e s c r i p t i o n  and  t o  the a n a l y s i s  o f  o p t i c a l  c o h e r e n c e  ef-  

f e c t s .  

I n  the s e c o n d  p a r t ,  a r e v i e w  was g i v e n  o f  some of 

the more r e c e n t  d e v e l o p m e n t s  i n  t h i s  a r e a  o f  p h y s i c s .  

It d e a l t  m a i n l y  w i t h  higher order c o h e r e n c e  e f f e c t s ,  i n -  

t e n s i t y  i n t e r f e r o m e t r y ,  p h o t o n  c o i n c i d e n c e  e x p e r i m e n t s ,  

t r a n s i e n t  i n t e r f e r e n c e  f rom i n d e p e n d e n t  s o u r c e s ,  s t a t i s -  

t i c a l  p r o p e r t i e s  o f  l a s e r  l igh t  a n d  quantum t h e o r y  of 

c o h e r e n c e .  
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With t h e  rise of quantum e lec t ronics  i n  t h e  last ten  years or so, 

and in p a r t i c u l a r  with t h e  creat ion of ultra low-noise amplif iers  

(masers, parametric amplif iers) ,  i n  t h e  microwave frequency range, 

and of coherent o s c i l l a t o r s  and amplif iers  in t h e  near i d z a - r s d  and 

o p t i c a l  regions of t h e  spectrum, it has become important to ?;;tend t h e  

bas ic  pr inc ip les  of conrmunication zheory t o  :ncP&c tfie no-lonzer- 

negl igible  e f f e c t s  of o_unntization. Qmntizat ion of t h e  rad ia t ion  

f i e l d  provides fundmental  limits on t h e  r a t e  at which informat-on 

can be t ransfer red  from a sender t o  a receiver with a given emoml; 

of power, arid :oi'sover provides l imi ta t ions  on t h e  range of I r e p e n c i e s  

which are usefu l  for communications. 

L e t  us examine these  fundanental limitations. To do t h i s ,  1 5 ~  us 

assume that t h e r e  are no "pract ical"  l i c i t a t i o n s  on what we can do: 

that w e  h?ve " ideal"  t ransmit t ing and receiving equipmat at a l l  f r e -  

quencies. 

C. E. Sk;mon, I. Weiner, and others  recognized, about 1948, t h e  close 

connection betveen information and entropy. 

In this context t h e  concept of entropy is  very important. 

Entropy i s  a measure of 
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t he  rendomness of t h e  disposi t ion 

system. 

seme aeasure of an epoarent randomess which is ,  however, control led by 

a t ransmit ter ,  and in t e rp re t ab le  by a receiver.  The g rea t e s t  information 

which can be incorporated i n  a physical system is i n  f a c t  i t s  t o t a l  en- 

t ropy less t h a t  p a r t  of t h e  entropy which i s  e i t h e r  uncontrollable o r  

uninterpretable.  

i s  what is usually thought of as noise. I n  addition, however, quantum- 

mechanical l imi t a t ions  on measu r iq  processes by receivers  introduce 

f u r t h e r  r e s t r i c t i o n s  on information which can be importanz but  are of ten 

not easy t o  assess.  

of the p a r t s  t h a t  make up a physical 

Information (o r  more precisely,  information capacizy), is  the  

The uncontrollable randomness of t h e  physical  system 

Let us now apply these ideas  t o  a bs s i c  communication system which 

consis ts  of a transmit ter ,  a transmission medium, and a receiver.  For 

simplicity,  we w i l l  assume t h a t  a s ingle  t ransverse mode of tAt r ad ia t ion  

f i e l d  i s  u t i l i zed .  That is, the  f i e l d  d i s t r ibu t ion  and poleriz-Zion over 

any plane perpendicular t o  t h e  d i r ec t ion  of propagation i s  t o  bs  considered 

invariail t .  Then t o  describe t h e  rsceived f i e l d  we need only examine i t s  

temporal variation. The f i e l d  which is  received i n  sone reasonably long 

t i m e  T r ~ y  be enalyzed i n t o  t h e  complete s e t  of Fourier comoonents which 

a r e  peric-5ic i n  T; l.e., f o r  which 

u T = n ,  

n b?ing an  integer.  Hence t h e  t o t e 1  f i e l d  s t rength m y  be wr i t t en  
m 

-i2nunt 
E ( t )  = R e  f a n e = 1 lanlcos(2mnt +qn) 

n=l n=l 
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The values of t h e  complex numbers 

I n  a sm11 freqEency range d u  , then a rz  c lear ly  

i r .dicates  t h e t  t h e  res1  ?ar t  of t h e  expression is t o  be taken. 

a thus d e t e d n e  the  f i e l d  c o q l e t e l y .  n 

bn = T8u 

Fourier  componects, o r  "modes." 

Suopose now t h a t  t h e  received Z e l d  has an evercze spsc t ra l  power 

density, S near  frequency u,  so t k c  the  average received power i n  

tke  sudl frequency band b u  is 

s 3 v  

%.e nwrage e n e r m  ;cr mode I s  zken s i q i y  

tine entropy of tiis f i e i d  i n  tne range b u  is  maxirm uhsn the  2hases '3 n 

conpletely rendon z.Ci when t h e  probiYcclity of findi?& E c a z a i c  amount 

of energy i n  z rcde is an exponenrially decreasing functlon 02 that 

enerey. I n  zddition, t h e  node ecergy must be quantized in  wits of hu , 
where h is Tlanck's constant. 

S, . Quzp.tm mec?.anically, 

are 

The rrathemtical  expression o l  t h i s  is  

-n 1 prob(n) = (1 + $ )  
l + n  

- 
where 3 11 t 5 e  zverage of 2 end heme is equal t o  S$:J . The 

m t h e m z i c i  e q r e s s i o n  f o r  t h  o_uar;tm mechanical entropy Der sode is: 

0 = - prob(n) log [prob(n)] 
c=o 

= log (1 + Z) + ii log (1 + = 1 ) 
11 
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A useful  quant i ty  is t h e  entropy r a t e  6 5  

which i s  

f o r  the  frequency r a x e  b v  , 

S S 6 v  
b R =  - -  'F - Hbv = b v  log 

This expression i s  an up?er l i m i t  t o  t'ne r z t e  a t  which i n f o r m t i o n  can 

be t ransmit ted i n  t h e  frequency range d v  when t h e  average received power 

is S v b v  . 
i n  the  channel and by receiver  l i n i t s z i o n s .  

mitted f i e l d  a Gaussian noise f i e l d  wit% an average s p e c t r a l  power 

densi ty  

t h e  expression 

The a c t u a l  information i s  reBuced from t h i s  l i m i t  by noise 

When one adds t o  ';he t r a n s -  

Nu , one f inds ,  f o r  t h e  t o t a l  entropy l e s s  t h e  noise entropy 

S 
bR = 6 v  loa (1 + 2) NU+ hu 

+ -  log (1 + L) 
hv SI)+ Nu 

Nv6 v - -  - hv log (1 + E) 
This expr:-.,-on then forms an upper 1i;zit t o  t h e  information r a t e  of 

commumic&t.tlor, channels when addi t ive  Gsussian noise i s  present. 

t h a t  ths f i r s t  term of t h i s  expresslor. is  dominant when e i t h e r  

Noze 

Nu >> k,v or Sv >> hu + Nu j i . e .  when Su + Nu >> hu . 
It is i n t e r e s t i n g  to compare t h i s  upper l i m i t  with what can be done 

with various possible  receivers. 



I f  t h e . f i r s t  element of t h e  receiver  is an i d e a l  high gain l i n e a r  

ampl i f ie r  (examples are masers (or  l a s e r s ) ,  parametric amplifiers) or 

en i d e a l  high gain l i n e a r  converter (heterodyne), there  a?pears i n  t h e  

rece iver  a c e r t a i n  amount of noise, as a r e s u l t  of spontaneous emission 

i n  t h e  emplif ier  or shot noise i n  tine converter. 

Sv and noise Nu , t h e  output signal t o  noise r a t i o  is  

For an input signal 

sV 
Nu+ hv 

which implies, by t h e  c l a s s i c a l  inforzzcion theory, an information capa- 

c i t y  bC of 
-P 

S 
bCm2 = b v  log(1 + 4) NU+ nu 

As must be 

Eowever, r*hen 

is much g r e r t e r  than o x  photon, comunication systems involving good 

l i n e a r  c 2 l i f i e r s  o r  converters have capac i t ies  which ayyroach c lose ly  

t o  tine zneore t ica l  l i m i t .  

Si, + Itv >> hv ; taat is, when t h e  average energy per  mode 

Oi 2ossible  importance t o  long‘distance space comunica.cions is  t h e  

s i tuat io:  rrhic’r occurs when S i N i s  of order hv or less. Let us look 

at t 2 e  z :q le  case N << S << hv . Here we would expect tht t h e  l i n e a r  

amplif ier  is  not very e f f i c i e n t ,  s ince 

v u  

v u  

6ca,p 
6 v  log (1 + “ i , /hq  

Sub v 
* -  hv log e 



which can be considerably la rger .  I n  t h i s  case w e  have only a few photons 

a t  t h e  receiver  t o  go around among many modes; an information capaci ty  

approaching t h e  entropy r a t e  can be achieved by concentrat i ra  t h e  t r z n s -  

mitted energy i n t o  a few frequencies, chosen according t o  t h e  message, 

and then, a t  t h e  receiver, detect ing which frequencies had been sen t  

by means of a system of passive f i l t e r s  and energy de tec tors  ( i . e . ,  

quantum counters). The if lormation rete f o r  such a s y s t e s  approaches 

Svb u - -  log ( g ) “counter hv U 

f o r  very small values of Su/hv . 
The choice of which frequency bend t o  use l o r  bes t  c o m u i c a t i o n  

depends of course on t h e  ava i lab le  t r a n s n i t t e r  power, t h e  e f f ic iency  

of producing t h i s  power and on t h e  geometry of the  system. 

r e s t r i c t  t h e  discussion t o  t h e  case Sv + Nv >> hv , so tha’i ;he entropy 

rate and tine information capaci ty  a s s m e  t h e  simpler fcrms 

L a ,  us here  

If N 

then  we hzve 

i; taken as black body -radiatibn with an e f f e c t i v e  t e q s r a u - e  P ,  



The t o t a l  e f fec t ive  rece iver  noide i s  for t h i s  case 

hu Bv + hu = 

This i s  a monatomically increasing funct ion of frequency, s t a r t i n g  a t  

kT for t h e  r a g e  

f o r  u > W/h . 
automatically want t o  use the  lowest frequency which was compatible 

with t h e  bandwidth requirements of t h e  system. However, i f  comuni- 

cat ion takes i n  space, l e t  us say, between two d i s t a n t  antennae, then  

under t h e  assumption of constant s ized t ransmit t ing and receiving an- 

tennae, and a n  ava i lab le  t ransmi t te r  power independent of f reqwncy,  

t h e  received power would be proportional t o  the  squzre of Vre frequency 

and t h e  signal t o  noise r a t i o  a t  t h e  receiver  would be a mors;ionically 

increasing funct ion of frequency. 

highest possible  frequency consis tent  with such th ings  as our = b i l i t y  

t o  point  t h e  sending antenna toward t h e  receiver .  

considered, it i s  most l i k e l y  that opt ica l  frequencies are t o o  high, 

while microwave frequencies are too low t o  be "best." 

f a c t  t h a t  on fundamental grounds one derives, as a most des i r sb le  region 

f o r  communication, j u s t  that frequency range ; i.e., the irr and middle 

Infra-red, where no good t ransmi t te rs  and receivers  present ly  e x i s t .  

u << kT/h , and beconing proportional t o  frequency 

Thus if Sv vere independent of frequency we would 

We would then want t o  go ;o t h e  

A l l  th ings being 

It is 2 curious 
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L a s e r s :  P r i n c i p l e s ,  P r o c e s s e s  and P o t e n t i a l i t i e s  

( A b s t r a c t  1 
by  C. A l l e y  / 

The r e c e n t  a c h i e v e m e n t  of c o n t r o l l e d  a m p l i f i c a t i o n  b y  s t i m u -  

l a t e d  e m i s s i o n  i n  the r a n g e  of o p t i c a l  f r e q u e n c i e s  was p l a c e d  i n  

the c o n t e x t  of the d e v e l o p m e n t  of our i n s i g h t s  i n t o  the m a t t e r  of 

e l e c t r o m a g n e t i c  r a d i a t i o n  and i ts  i n t e r a c t i o n  w i t h  m a t t e r  and  re- 
l a t i o n  t o  other d e v e l o p m e n t s  i n  r e s o n a n c e  p h y s i c s  and quantum 

e l e c t r o n i c s  b y  a b r i e f  h i s t o r i c a l  r ev iew.  A short summary of s o m e  
o f  o u r  p r e s e n t  c o n c e p t s  o f  t h i s  i n t e r a c t i o n  o f  m a t e r i a l  i n t e r i m s  

o f  the quantum t h e o r y  of the e l e c t r o m a g n e t i c  f i e l d ,  i n c l u d i n g  the 

d i v i s i o n  and the u s e s  o f  c r e a t i o n  and a n n i h i l a t i o n  o p e r a t o r s  f o r  

p h o t o n s ,  was p r e s e n t e d .  
T h e  v a r i v u s  methds i;e& 82 far t o  achieve amplifyin9 c o n d i -  

t i o n s  was d i s c u s s e d  and  the o p t i c a l  r e s o n a n c e  c o n f i g u r a t i o n  u s e d  

t o  p r o v i d e  mode s e l e c t i o n  and f e e d  b a c k  f o r  s u b s t a i n e d  o s c i l l a t i o n  
was d e s c r i b e d .  Some of the s i g n i f i c a n c e  t h r o u g h  n u m e r i c a l  p a r a -  

m e t e r  c h a r a c t e r i z i n g  the p e r f o r m a n c e  o f  d i f f e r e n t  t y p e s  o f  l a s e r s  

was a l s o  p r e s e n t e d .  

A number o f  a c t u a l  and  p o t e n t i a l  a p p l i c a t i o n s  of the l a s e r s  
was m e n t i o n e d  a l o n g  w i t h  a f ew o f  the p rob lems  a s s o c i a t e d  w i t h  
communica t ions  of l o n g  d i s t a n c e s .  

A c w  he l ium-neon  l a s e r  was set  up  t o  d e m o n s t r a t e  some of the 

p r o p e r t i e s  o f  i t s  r a d i a t i o n ,  i n c l u d i n g  a s i m p l e  homodyne modula- 
t i o n  and d e m o d u l a t i o n  e x p e r i m e n t .  
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Decision Processes in Conmunication Theory ~ -- 
by David Middleton 24 t ,  , I" '7 L/ -  7 6  f 

/ 

Comunication theory, from the modern viewpoint, is a discipline, 

and an art, based on statistical concepts. The principal aims of such 
a theory are (1) to determine optimum systems; (2) their expected per- 
formance, and (3) to compare their structure and performance with sub- 
optimum systems for the same purpose. 
techniques provide the principal analytic tools for accomplishing these 
aims. A particularly powerful approach is based on the methods of statis- 
tical decision theory , which relates the values, or costs of decisions, 
to the decision themselves and the probabilities of their occurrence in 
the face of uncertainty. The following, thus, is a brief outline of the 

major elements of the present discussion. 

Probability methods and statistical 

1 

Communication is a statistical process. We illustrate this with 
the basic single-link comnunication link shown in the figure below, 
which schematically relates a set of input messages 

transmitter medium receiver 

encoding channel decoding 

( o r  decisions1 (u) to a corresponding set of output messages (or decisions), 
(V). Thus we have 

where T (N),  s ( ~ ) ,  2, (N) are the operation, or transformations, respect- 

ively, introduced by the transmission process, the mediums, and the receiver. 
The superscript (N) denotes the insertion of noise in some fashion into the 
communication link at that particular stage. 

-T 

In practice, we have some 
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powers t o  ad jus t  xT (N) , 2, (N), but l i t t l e  or none t o  modify &(N), which 

puts a 
s ince  L(N) and zR(N) always i n j e c t  noise i n t o  the system. 

fundament l i m i t  on the accuracy of the communication process, 

The expected, or average performance of the reception process, zR(N), 
(which we s h a l l  consider primarily i n  what follows) is  measured by the 

average risk. 

where 

1 = ( dll .  .. 
v = (V ll...Vn) 

rn) = s e t  of possible decisions; 

= received data  vector ; V. = V ( t . ) ,  i = 1, ..., n, - 
on an in te rva l  (O,T); 

6QlV) = probability, or probabi l i ty  density, of the decisions r, 
given the data  1; t h i s  i s  t h e  decision ru le .  

C @ , x )  = a cost  function, re la t ing  the s i g n a l s  t o  the d e c i s i o n L ;  

s = (s ll...S ), s igna l  vector; S .  = s(ti), e tc .  

o(s) + a p r i o r i  d.d. of 2 
F (VIS) = the condi t ional  d.d. of 1, given 2 .  

- 

n - -  

We dis t inguish tvo pr incipal  c lasses  of decisions, L: 
(a) s igna l  detection: here _a = al: "yes" - a signal i s  present, 

o r  3 = 7,: "no" - only noise occurs, and 3 = ( yo, r1). 
(b) s igna l  extract ion:  t h i s  i s  a measurement process, where "how 

mch" is asked: we wish the magnitude of 5, or  its waveform, etc. 

Detection is recognized a s  the comunication equivalent of W o t h e s i s  

testing i n  s t a t i s t i c a l  theory, while extract ion is  the  counterpart of G- 
t i s t i c a l  estimation. 

System s t r u c t u r e  i s  embodied i n  the decision ru le  6. For optimum 

systems we seek a 6 +6* which minimizes the average r i sk  R(u,6), e.g. 
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m)" R = R*. 
lity, and C ( S , )  ) can be represented as a,mtrix of preassigned (con- 

stant) costs. For extraction, on the other hand, 6 is a probability density, 
and the cost function becomes more suitable function of the decision 6 and 

the quantity being "extracted", or estimated. 

A variety of maxima are possible. In detection, S is a probabi- 

These above notions can be thus illustrated by simple examples involving 
detection and extraction; as they occur in radar and communication situations. 

(Details of the models and the techniques are given in Chapters 19, 20,  21 of 

Ref. 1. Some generalizations of these ideas are discussed in Chapter 23, Ref. 1.) 

The treatment here concludes with a review of some of the advantages and 
difficulties of this general approach. The role of a priori information is 

examined, along with various ways of handling its presence and absence; the 

choice of cost functions is considered and the choice of the criteria of 

optimality. It is emphasized that these involve subjective notions by which 
it is thus possible to relate the "vaiue" of a process and its Outcome to the 
interactions of the physical world in which the process occurs. The decision 
process here is specifically incorporated into the data handling operations 
and, in fact, noticeably affects these operations. As indicated above, the 
decision theory approach is useful in radar, comounications, underwater 
sound, etc. Important areas of future application are:i)adaptive systemsjii) 
pattern recognitionj iii) multiple decision and sequential operation, etc. 

B i b l  iogr a phy 
1. Middleton,  D. "An I n t r o d u c t i o n  t o  S t a t i s t i c a l  D e c i s i o n  

T h e o r y ,  " McGraw-Hill  (1960) : C h a p t e r  18. 
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Optimum M o d u l a t i o n  Methods for  D a t a  Encoding  

( A b s t r a c t )  

b y  R. W. Rochelle 

A number of e n c o d i n g  t e c h n i q u e s  a r e  a v a i l a b l e  
w h i c h  a l l o w  the improvement  of s i g n a l - t o - n o i s e  r a t i o  
b y  a n  i n c r e a s e  i n  the c h a n n e l  bandwidth .  One of 
these, p u l s e - f r e q u e n c y  m o d u l a t i o n  (PFM) , h a s  found 
u s e  a s  a n  i n f o r m a t i o n  e n c o d i n g  t e c h n i q u e  i n  s a t e l l i t e s  
a n d  s p a c e  p r o b e s  w h i c h  a r e  l i m i t e d  i n  both power a n d  

w e i g h t  . 
Examples  w e r e  g i v e n  of the d e s i g n  o f  a t y p i c a l  

PFM t e l e m e t r y  s y s t e m  a s  a f u n c t i o n  of the f o r m a t ,  i n -  

f o r m a t i o n  r a t e ,  a c c u r a c y ,  p r e c i s i o n ,  and  state-of-the- 
a r t  components .  R e s u l t s  f r o m  p r e v i o u s  s a t e l l i t e  

f l i g h t s  w e r e  shown t o  i l l u s t r a t e  the  n o i s e  immunity 

p e r f o r m a n c e  t h a t  c a n  be o b t a i n e d .  
D r .  R o b e r t  W. R o c h e l l e  is  h e a d  of the F l i g h t  

D a t a  S y s t e m s  B r a n c h ,  S p a c e c r a f t  T e c h n o l o g y  D i v i s i o n ,  

the  Goddard S p a c e  F l i g h t  C e n t e r ,  G r e e n b e l t ,  Maryland.  

He holds a M. E. degree from the Y a l e  U n i v e r s i t y ,  New 
Haven,  C o n n e c t i c u t  and  received the Ph. D. d e g r e e  a t  
the U n i v e r s i t y  of M a r y l a n d ,  C o l l e g e  P a r k ,  Maryland i n  

J u n e  1963. 
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Mil l imeter  Waves 
b n  0- it3 

Dn D. King f31, 
Introduction 

The t rans i t ion  f r o m  microwaves  to mi l l imeter  waves has  been 

pedes t r ian  - both s low and unimaginative when compared  to  the m o r e  

spec tacular  p r o g r e s s  in  the opt ical  region. 

gap between rad io  a n d  l ight h a s  been bridged, and the m i l l i m e t e r  region 

is now left  behind. 

this spec t r a l  region for  both the  sc ien t i s t  and the engineer .  

In effect, the old i n f r a r e d  

However, t he re  r e m a i n s  much that i s  of i n t e re s t  in  

F r o m  a scientific point of view, the re  a r e  s e v e r a l  c l ea r  cut a r e a s  

of in te res t .  

spec t r a l  l ines  l ie  in  the mi l l imeter  bands. 

of ce les t ia l  bodies i s  another  a r e a  of m i l l i m e t e r  wave appl icat ions.  

High resolut ion coupled with different  e m i s s i o n  and ref lect ion proper t ies  

s e t  mi l l imeter  mapping apa r t  f r o m  both opt ical  and microwave techniques. 

High energy p l a s m a  diagnost ics ,  the observat ion of the sun and radio 

s t a r s ,  and the ana lys i s  in depth of planetary a t m o s p h e r e s ,  a r e  o ther  

scientific u s e s  of mi l l imeter  waves. 

Most obvious, perhaps ,  i s  the  fact  that  a v a s t  number of 

Active and pass ive  mapping 

F r o m  a n  engineer ing point of view, the usefulness  of m i l l i m e t e r  

waves for communicat ions and t racking depends on th ree  distinct f ac to r s  - 

1 )  dimensions of t he  wavelength, 2 )  quantum noise, 3 )  a t m o s p h e r i c  

propagation. F r o m  the point of view of dimensions,  it might  appear  that  

optical wavelengths a r e  bes t  f o r  long range  communicat ion and t racking.  

This  is not n e c e s s a r i l y  the c a s e  s ince  the v e r y  s m a l l  beam angles  r e -  

quired for  opt ical  wavelengths introduce s e v e r e  acquis i t ion and t racking 

problems.  

A m o r e  fundamental  l imitat ion in the opt ical  region is quantum 

The total  noise  power p e r  unit f requency is noise. 
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hf thf W(f) = exp (hf/m) - 1 

In the  mic rowave  and mi l l imeter  region, i t  is generally t r u e  

that  

kT<<hf 

Then W(f) = k T  

In contrast ,  in the  opt ical  region, the noise  is proportional t o  the f r e -  

quency. 

f requency dependent noise  occurs  in the mi l l imeter  band. 

W(f) = hf Depending on the tempera ture ,  the transition to  

A convenient formulat ion i s  

Atmospheric  propagation f a c t o r s  a r e  summar ized  in F i g u r e s  

Impnrta~lt fentnres  a r e  the well-defined water-vapor and : and 2. 

oxygen l ines ,  t h e i r  sharpening with altitude, the effect of humidity, 

and the relat ively low ver t ica l  attenuation in the windows. At 4 km, 

the  lower curve  in F i g u r e  1, the  windows a r e  significantly l a r g e r .  

Data above 150 Gc i s  very  uncertain. 

The s t a t e  of the art in mi l l imeter  technology may be divided 

into g e n e r a t o r .  detector ,  and waveguide technology; these a r e  now 

considered in  turn. 

Gene ra to r s  

The re  a r e  three  general  c l a s s e s  of mi l l imeter  wave genera tors  - 

1 )  conventional e lec t ron  tubes, such  a s  klystrons,  magnetrons,  and 

backward wave osc i l la tors  

2)  harmonic genera tors  and related devices  

3 )  megavolt  e lec t ron  beam schemes  

Of these ,  conventional tubes a r e  far and away the mos t  important f rom 

a prac t ica l  point of view. 
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The m o s t  successfu l  modification of resonant  des igns  has  been 

the 0 - t y p e  carc inot ron  o r  backward wave osc i l la tor .  

of this type of tube is the separa t ion  of the th ree  m a j o r  p a r t s  - gun, i n t e r -  

act ion s t ruc tu re ,  and col lector .  The 0 - t y p e  carc inot ron  is a l inea r  beam 

device, which might  be cons idered  a s  the  outgrowth of s tacking a number  

of coupled k lys t ron  cavi t ies  along a s ingle  e lec t ron  beam. 

A m a j o r  advantage 

A s u m m a r y  of the present ly  avai lable  e lec t ron  tube g e n e r a t o r s  is 

However shown in F igure  3 .  

the re la t ive ly  sho r t  life, high cost ,  and  e labora te  power supply r e s t r i c t  

many of the bes t  tubes to labora tory  use .  

i t  is reasonable  to expect  g r e a t  improvement  in these subs id ia ry  fac tors .  

In t e r m s  of ul t imate  l imi t s  of the p r e s e n t  designs,  perhaps  600-800 Gc i s  

a sa fe  es t imate  for useful outputs. 

This  r e p r e s e n t s  the bes t  avai lable  output. 

On the bas i s  of pas t  per formance ,  

The cha rac t e r i s t i c s  of the genera tors  descr ibed  improve  rapidly 

a t  f requencies  in  the lower port ion of the mi l l imeter  region. 

of using a convenient and relat ively powerful source  at lower frequency 

followed by a harmonic  genera tor  is t h e r e f o r e  a t t rac t ive .  

f requency mul t ip l ie rs  a t  lower f requencies  has  been highly successfu l .  

Here  the t e r m  mult ipl ier  is used advisedly;  only power a t  the d e s i r e d  

harmonic  i s  generated,  the power in other  harmonics  being re f lec ted  by 

react ive terminat ions o r  id le rs .  The v a r a c t o r  o r  var iab le  reac tance  

e lement  i tself  a l so  does  not a b s o r b  appreciable  power. 

The expedient 

The use of 

As might be expected, such  favorable  cha rac t e r i s t i c s  have not 

been achieved a t  m i l l i m e t e r  wavelengths. 

higher  c i rcu i t  l o s ses ,  but the m a j o r  cause  i s  the poorer  f igure of m e r i t  

of the v a r a c t o r  i tself .  

This  is par t ly  because  of 

This  f igure of m e r i t  i s  the cut-off frequency. 

f = 1/2 TI CmRs 

The  highest  value of f so far r e p o r t e d  is 800 Gc; commerc ia l ly  
C 

avai lable  units a r e  genera l ly  below 150 G c  in cut-off f requency.  Con- 
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sequently v a r a c t o r s ,  which a r e  P N  junction devices ,  have not yet  been 

used  extensively on the mi l l imeter  region. 

The bas ic  problem l i e s  i n  making a sufficiently small, s tab le  P N  

junction. 

act ive mater ia l ,  usually Gallium Arsenide - N-type. 

approaches 1 m m  o r  l e s s ,  the res i s t ive  t e r m s  in the equivalent c i rcu i t  

become dominant, and the junction behaves more  l ike a var iable  res i s tance .  

The upper l i m i t  of efficiency for  res i s tance  var ia t ion has  been der ived by 

Page. 

F o r  this, finely pointed wires  a r e  welded o r  cemented to the 

As the wavelength 

pn -2 - - S n  
P 

Efficient coupling to the junction a t  both input and output f requencies  

is :kc - ~ s t  irn-nrtant nrnperty of a harmonic generator .  r-- r -  

in coupling, and the bes t  performance have been achieved with c r o s s e d  

guide a r r angemen t s .  

the fundamental. 

the difference between s a y  5th and 6th being only 3 - 4  db. 

More flexibility 

In genera l  the second harmonic is 15-20 db below 

Higher harmonics  a r e  down in decreasing amounts;  

Related to the diode harmonic genera tor  i s  the tunnel diode o s c i l -  

Bur rus  has  obtained measu rab le  outputs to 3 m m  wavelengths f r o m  la tor .  

tunnel diode osc i l la tors .  

s ize .  Therefore ,  t h e r e  is l i t t le hope fo r  appreciable  power output f r o m  

these  devices. 

be attainable. 

Here  the l imitat ion again appears  to be junction 

However, low power suitable f o r  local  osci l la tor  use may  

Other  quantum mechanical  methods for  obtaining mil l imeter  wave 

energy a r e  being explored. 

is hampered by the need fo r  pumping a t  a higher frequency. 

The mos t  obvious, the three  level m a s e r ,  

Another mechanism related to m a s e r s  i s  the use of a two level  

quantum system. 

will produce output near  the  t ransi t ion frequency, provided suff ic ient  

pump power i s  applied to make  the off-diagonal o r  perturbations t e r m s  

Pumping a t  a submultiple of the transition frequency 
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in the  Hamiltonian significant. 

harmonic generat ion by non-linear quantum suscept ibi l i ty .  

This  mechan i sm i s  appropriately cal led 

Non-linear effects  a l s o  ex is t  in f e r r i t e s ,  and have been used  to 

genera te  ha rmon ics  in  the mi l l imeter  band. 

f i te ha rmon ic  g e n e r a t o r s  i s  the i r  ability to handle high peak power input. 

Outputs up to 50 wat ts  peak a t  2 m m  have been obtained by f e r r i t e  mul t ip l ie rs .  

A major  advantage of f e r -  

The non-l inear  e lements  considered so f a r  a r e  in the low and medium 

power range. 

a highly non-l inear  e lement  for  producing ha rmon ics  in the mi l l imeter  

region. 

v i s t ic  veloci t ies .  

in cavi t ies ,  by Doppler effect, o r  by Cerenkov effect. 

In the high power range, megavolt  e lec t ron  beams  r e p r e s e n t  

In principle, very  tightly bunched beams  can be obtained a t  r e l a t i -  

Such beams  can then be used to exci te  high ha rmon ics  

In summary ,  harmonic g e n e r a t o r s  using diodes a r e  a p r i m e  source  

for  low-level signals. Useful power for  some labora tory  m e a s u r e m e n t s  

and fo r  local  osc i l la tors  a r e  avai lable  a t  wavelengths down about . 5  m m .  

F e r r i t e  ha rmon ic  g e n e r a t o r s  have given high peak power outputs where  

adequate fundamental  power was available. Quantum mechanical  o s c i l -  

l a t o r s  and relat ivis t ic  e lectronics  a r e  of l i t t l e  prac t ica l  use  a t  p resent .  

In t e r m s  of the pas t  r a t e  of p r o g r e s s ,  the l a s t  c lass i f icat ion s e e m s  p a r t i -  

cu la r ly  unpromising. 

Detectors  

It is again convenient to dis t inguish t h r e e  c l a s s e s  of mi l l imeter  

devices  useful for  detection. 

conventional microwave techniques have given some  of the best  r e s u l t s  

fo r  de tec tors  in the  mi l l imeter  region. Severa l  specific advances have 

resu l ted  in order-of-magnitude improvements  in sensi t ivi ty  and maximum 

frequency fo r  superheterodyne r e c e i v e r s  in the mi l l imeter  region. 

1) New semiconductors  for  point-contact m i x e r s  

2 )  Harmonic mixing 

3) Low noise, broadband i. f .  ampl i f ie rs  

As in the c a s e  of genera tors ,  re la t ively 
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The c h a r a c t e r i s t i c s  of the three types of diodes a r e  shown in 

F igure  4. The points to note a r e  the curva ture  at  the origin, which i s  

g r e a t e s t  for  the backward diode, and the negative res i s tance  region of 

the tunnel diode. 

The negative r e s i s t a n c e  region of the tunnel diode i s ,  of course ,  

the mos t  spec tacular  new property.  At lower f requencies  i t  p e r m i t s  mix -  

ing with conversion gain. In the mi l l imeter  region, operation in the nega- 

tive res i s tance  region has  not been achieved so far. 

a t  which amplification has  been observed with tunnel diodes is  85. 5 Gc. 

Stable mixe r  operat ion in the negative res i s tance  region is considerably 

more  difficult because of the multiple te rmina ls  involved. However, the 

possibi l i ty  of a t  l ea s t  reducing the conversion loss  with tunnel diode m i x e r s  

i s  one of the favorable  prospects .  

The highest f requency 

The backward diode i s  a limiting low-current  vers ion of the tunnel 

diode, in which the  negative slope has  disappeared. In return, the s h a r p  

curva ture  a t  the or igin and low impedance leve l  have given excellent 

sensi t ivi ty  and super ior  noise charac te r i s t ics .  

The optimum local  osci l la tor  power f o r  a l l  these small junction 

a r e a  devices  i s  low - of the o r d e r  of 1 mw o r  l e s s ,  and i s  lowest for  tunnel 

and backward diodes. 

which the local  osc i l la tor  s ignal  is injected at a submultiple of the des i red  

frequency, and ha rmon ics  a r e  generated within the mixer .  P e r f o r m a n c e  

comparable  to that of d i r e c t  m i x e r s  i s  obtained. 

This has permit ted the use of harmonic mixing, in 

In heterodyne detection, local  osci l la tor  noise c a n  significantly 

r a i s e  the noise f igure.  In microwave rece ivers ,  local osci l la tor  noise 

i s  general ly  cancel led in a balanced mixer .  

i t  i s  difficult enough to rea l ize  an efficient c rys ta l  and waveguide configura-  

tion, without the added r equ i r emen t  of producing a dual balanced device. 

Fortunately,  another  expedient r ema ins  which has proven very effective. 

At mil l imeter  wavelengths,  
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The noise  s p e c t r u m  of loca l  osc i l la tors  is centered  about the osci l la t ion 

frequency, and m a y  extend over  many megacycles .  However, a t  100 o r  

m o r e  megacycles  f r o m  the osc i l la tor  f requency,  the res idua l  noise  is 

negligible. 

des i rab le  in  mi l l imeter  r e c e i v e r s .  

broadband ampl i f ie rs  in the U H F  and microwave region h a s  contr ibuted 

a g rea t  dea l  t o  mi l l imeter  rece iver  design. 

The u s e  of a microwave in te rmedia te  f requency is therefore  

The availabil i ty of sui table  low noise  

Alternat ive to heterodyne r e c e i v e r s ,  a r e  d i r ec t  d e t e c t o r s  which 

include c rys t a l  de tec tors  followed by wide band video ampl i f ie rs .  

addition, var ious  inf ra red  de tec tors  such  a s  Golay ce l l s ,  bo lometers ,  

and cooled semi-conductors  a r e  avai lable .  Of these ,  the photoconductive 

detector  descr ibed  by Putley, and the  semi-conductor  bolometer  of Low, 

the Put ley de tec tor  has  a detect ivi ty  

D* = A1/2/pN = 2 x 

o r  a noise  equivalent power 

In 

c m  cps1/2/watt 

pN = 1 0 - l ~  wat ts /cps  1/2 

It cons is t s  of re la t ively pure  In Sb biased with about 5 k gauss  magnet ic  

field at 77OK. 

produce photoconduction with photons of wavelengths up to  8 mm.  

Very  shal low impur i ty  leve ls  a r e  evidently r e q u i r e d  to 

The Low bolometer  u s e s  cooled gallium doped germanium. When 

operated a t  2.15’K i t s  noise  equivalent power i s  
pN = 5 x 1 0 - l ~  wat ts /cps  1 /2 

The acceptance band of these de tec tors  i s  not accura te ly  known, 

but i s  p resumably  quite wide - of the  o r d e r  of 10-100 Gc o r  1 / 3  f .  This  

i s  usually bes t  for rad iometr ic  purposes ,  but not des i rab le  for  coherent  

s ignals .  

square  law devices  is impossible  in  general .  

A d i rec t  comparison of heterodyne o r  l inear  r e c e i v e r s  with 

This  i s  because the input 
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f requency bandwidth e n t e r s  as a square  root fo r  l i n e a r  rece ivers ,  and 

d i rec t ly  in square  law devices .  

the heterodyne rece ive?  is a t  a n  advantage. 

the  bes t  that  can  be  done i s  t o  widen the intermediate  frequency bandwidth 

as much  as possible  and accept  both upper and lower sidebands. 

Certainly,  fo r  na r row band applications, 

F o r  radiometr ic  s e r v i c e ,  

M a s e r s  have ju s t  begun to appear  in the  mi l l imeter  region. 

Travel ing wave designs with appreciable  bandwidth hold the grea tes t  

p r o m i s e  for  mi l l imeter  de tec tors  of the future. 

t i tania) h a s  been used successful ly  in a t ravel ing wave 8 mm m a s e r  pumped 

a t  4 mm. 

Rutile (chromium doped 

Comparat ive sensi t ivi ty  calculations fo r  t h r e e  types of m i l l i m e t e r  

r a d i o m e t e r s  a r e  given in  t e r m s  of a minimum detectable  tempera ture  

difference AT and a r e  as follows: 
m' 

Harmonic mixing superhet  a t  2 m m  

= 3 0 0 x  300//= = 1.6O 
(25 db) 

Rutile m a s e r  at 8 m m  

= 1.45 x 300/ = .OS0 
(1.6 db) 

Cryogenic  bolometer  a t  300 Gc 

= 10-"/1.38 x x 100 x 10 9 x 1 = 0.7O 

where 

F = r ad iomete r  noise  f igure 

T = re ference  t e m p e r a t u r e  

Bif = I .F .  bandwidth 

T = output t i m e  constant 

B = input bandwidth 



In summary ,  f o r  n a r r o w  band se rv ice ,  m a s e r  and superheterodyne 

r e c e i v e r s  a r e  m o s t  sensit ive.  F o r  r ad iomete r s ,  the wide acceptance 

bands of d i r ec t  detection r e c e i v e r s  m a y  provide equal o r  be t t e r  sensit ivity,  

especial ly  a t  t he  sho r t e s t  wavelengths. 

Waveguides 

To achieve low l o s s  a t  mi l l ime te r  wavelengths,  the energy in 

waveguides m u s t  be sp read  ove r  a l a r g e r  c r o s s  -section. 

t h i s  without harmful  effects f r o m  unwanted modes  is difficult. 

cipal methods fo r  doing so a r e :  

Accomplishing 

The  p r in -  

1) overmoded hollow m e t a l  guide 

2) t rough guide 

3) su r face  waveguides 

4) beam guides 

The attenuation p rope r t i e s  of t hese  guides a r e  displayed in F i g u r e  

The 5. The lower l o s s  guides general ly  r equ i r e  a l a r g e r  cross-sect ion.  

lowest l o s s e s  occur  f o r  ve ry  loosely bound waves,  e i ther  i n t e r io r ,  TEOl0. 

or surface,  HEl1. 

sion to  unwanted modes  o c c u r s  in  the hollow tube, and radiation t akes  

place f r o m  the su r face  waveguide. Close to l e rances  to  p r e s e r v e  uniformity 

of c ros s - sec t ion  a r e  a l s o  r equ i r ed  to  prevent  t h e s e  effects on s t ra ight  runs.  

In both c a s e s ,  bends a r e  difficult t o  achieve; conve r -  

Conversion to  unwanted modes  is m o r e  se r ious  than radiat ion loss, 

On the  in the s e n s e  that i t  m a y  introduce ref lect ions and delay distortion. 

other  hand, the highly d i spe r s ive  na tu re  of the d i e l ec t r i c  rod H E  

is a l s o  objectionable. 

e i ther  as a dominant mode, o r  by mode suppression,  it is a l s o  possible  

to  accept  multimode operat ion under  ce r t a in  conditions. 

11 wave 
Instead of using a single mode,  which is maintained 

In conclusion, i t  appea r s  that  the p re sen t  state of gene ra to r s ,  

de t ec to r s ,  and waveguides l eaves  much  f o r  fu tu re  development.  The 

p rospec t s  fo r  improved de tec to r s  and waveguides a r e  good. On the other  
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hand, useful coherent  s o u r c e s  over  the . 1 - 1 .0  m m  band a r e  relatively 

remote.  

frequency regions would no doubt give impetus to the development of 

sui table  gene r a t o r  s. 

The exis tence of c learcu t  and urgent applications in various 
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One o f  t h e  m a j o r  p r o b l e m s  i n  t h e  s t u d y  of plasma 

waves h a s  b e e n  t h e  p r o f u s i o n  of names g i v e n  t o  r e l a t i v e l y  

few modes. This a m b i g u i t y  h a s  l e d  t o  c o n s i d e r a b l e  con-  

f u s i o n  e v e n  among w o r k e r s  i n  t h e  f i e l d  of plasma waves.  
1,2,3,4, The CMA (Clemmow-Mullaly-All is)  d i a g r a m  

u s e d  t o  c l a s s i f y  and d e s c r i b e  t h e  v a r i o u s  t y p e s  o f  

waves.  The t h e o r e t i c a l  model on which t h e  d iagram is  

b a s e d  i s  v e r y  s i m p l e :  no c o l l i s i o n s ,  low t e m p e r a t u r e ,  

no b o u n d a r i e s .  T h e r e  are, hnwever ,  no l i m i t s  on t h e  

wave f r e q u e n c y ,  W, t h e  u n p e r t u r b e d  m a g n e t i c  f i e l d ,  

o r  t h e  d e n s i t y ,  Ne. A p l a n e  monochromatic  wave of wave 

number k is assumed t o  p r o p a g a t e  a t  an  a r b i t r a r y  a n g l e ,  

BO 

4 

+ 8 , w i t h  r e s p e c t  t o  Bo. 

The d i s p e r s i o n  r e l a t i o n  f o r  t h i s  model was f i r s t  
.e 5 

o b t a l n e d  by f s t r o m .  

t a n $  I -p(n2-R) (n2-L) (1) 
(Sn2-RL) (n2-P)  

where  f o r  a p l a s m a  c o n t a i n i n g  e l e c t r o n s  of c h a r g e  e and 

i o n s  o f  c h a r g e  Z e  P 1 -d 
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L I 1 -  4 
(1 -A+) (1 +e) 

S I 1/2 ( R  + L)  

The meaning of R and L becomes c l e a r  when eis 
s e t  e q u a l  t o  z e r o .  The s o l u t i o n s  of  e q u a t i o n  1 a r e  t h e n  

N2 = R and N 

of t h e  i n d e x  o f  r e f r a c t i o n  for waves p r o p a g a t i n g  

p a r a l l e l  t o  t h e  m a g n e t i c  f i e l d .  

2 
= L. Thus R and L a re  just t h e  s q u a r e  

By i n s p e c t i o n  of t h e  e q u a t i o n s ,  w e  s e e  t h a t  n2 a s  

a f u n c t i o n  o f  3 i s  d e t e r m i n p d  i f  we s p e c i f y  t h e  

R -t . T h i s  f a c t  i s  t h e  q u a n t i t i e s  e and  
2 2 

u2 W 

b a s i s  for t h e  CMA d i a g r a m .  

Jle2 The d i a g r a m  i s  a t w o - d i m e n s i o n a l  p l o t  w i t h  ___ 
n 2 + a i  2 W2 

and e I b e i n g  t h e  o r d i n a t e  and a b s c i s s a .  
W Z  

The d i a g r a m  i s  d i v i d e d  i n t o  13 r e g i o n s  by  s e v e n  

l i n e s .  

or a r e s o n a n c e  ( k 2 + W  ) .  These  l i n e s  s e p a r a t e  r e g i o n s  

c o n t a i n i n g  d i f f e r e n t  mode t y p e s .  

Each of t h e  l i n e s  r e p r e s e n t s  a c u t - o f f  (k2 = 0 )  
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The a p p r o x i m a t e  e q u a t i o n s  ( n e g l e c t i n g  t e r m s  of 

o r d e r  for t h e s e  l i n e s  a r e :  
M i  

1. 

2 .  

3. 

4 .  

5. 

6. 

7 .  

Plasma  c u t - o f f  w S ne  

I o n  c y c l o t r o n  r e s o n a n c e  

E l e c t r o n  c y c l o t r o n  r e s o n a n c e  w ne 
2 RiAe Lower h y b r i d  r e s o n a n c e  W CC 

1 + R i f l e  
r i d  + r e d  

2 
Upper h y b r i d  r e s o n a n c e  w2 "Re2 + r e  

I o n  c y c l o t r o n  c u t - o f f  LJ n,-n, % 
P. c 

E l e c t r o n  c y c l o t r o n  c u t - o f 1  s =  ___ > e  + ( n e 2  + Qre2Ytx 

2 
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I n  e a c h  o f  t h e  13 r e g ' i o n s  p o l a r  p l o t s  o f  p h a s e  

v e l o c i t y  may be  d rawn .  S i n c e  t h e  p h y s i c a l  p r o b l e m  i s  

c y l i n d r i c a l l y  s y m m e t r i c a l  a b o u t  Bo, t h e s e  c u r v e s  a r e  

s u r f a c e s  o f  r e v o l u t i o n  a b o u t  t h e  a x i s  d e f i n e d  by 

e = 0 .  These  wave no rma l  s u r f a c e s  e x h i b i t  t h e  

f o l l o w i n g  i m p o r t a n t  c h a r a c t e r i s t i c s :  

1. A t  e a c h  p o i n t  o n  t h e  d i a g r a m  t h e r e  a r e  

a t  most  two p h a s e  v e l o c i t y  s u r f a c e s .  

2 .  I n s i d e  a r e g i o n  bounded by t h e  s e v e n  

l i n e s ,  t h e  p h a s e  v e l o c i t y  s u r f a c e s  a r e  

bounded.  

3. The p h a s e  v e l o c i t y  s u r f a c e s  a r e  s y m m e t r i c a l  

a b o u t  t h e  8 = r/2 a x i s .  

4 .  T h e r e  a r e  o n l y  t h r e e  t o p o l o g i c a l l y  

d i f f e r e n t  t y p e s  of  s u r f a c e s .  

a .  S p h e r o i d  0 
b .  Dumbbell l e m n i s c o i d  8 
e .  Wheel l e m n i s c o i d  03 

5 .  The t o p o l o g y  o f  a p h a s e  v e l o c i t y  s u r f a c e  

r e m a i n s  c o n s t a n t  w i t h i n  a bounded r e g i o n .  

6 .  Two p h a s e  v e l o c i t y  s u r f a c e s  c o n s t r u c t e d  for 

a g i v e n  p o i n t  i n  p a r a m e t e r  s p a c e  ( i . e . ,  a 

p a r t i c u l a r  v a l u e  o f  % and  d ) 

w i l l  n e v e r  c r o s s .  T h a t  i s ,  one  volume 
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is  always contained w i t h i n  another,  so 
t h a t  the l a b e l s  " f a s t "  and " s l o w "  apply 
for a g i v e n  mode a t  a l l  a n g l e s .  

Thus, wave normal p l o t s  may be drawn a t  one poin t  

i n  parameter space, and these sur faces  w i l l  q u a l i t a t i v e l y  

represent  the  type of sur face  t h a t  e x i s t s  throughout 

t h a t  e n t i r e  region of parameter space. 

The upper right-hand corner  of the CMA diagram 

(p .  38, Ref. 3 ,  p. 30, R e f .  4) contains  two surfaces ,  

one "spheroid" and one *'dumbbell lemniscate. When 

C,) LLR; these  a r e  the compressional and tors iona l  

hydromagnetic waves respec t ive ly .  AS 131 decreases  

+ai and the lemziscoid represents  what is some- 

times c a l l e d  the ion  cyclotron wave. A t  w =.n; 
t h i s  mode experiences a resonance. The spheroid passes  

t h i s  l i n e  unaffected,  but  a t  the lower hybrid resonance 

l i n e  V phase = 0 a t  goo, and the spheroid has  become a 

dumbbell lemniscoid. Note t h a t  t h i s  hybrid resonance 

occurs only a t  90: AS Bo 

a t  which resonance occurs becomes l e s s  than 90'. 

mode which w i l l  not  propagate a t  angles  around 90' i s  

the wh i s t l e r  mode. As o d e  the  "resonant angle" 

becomes smaller  (we have now the"e1ectron cyclotron 

wavd) and f i n a l l y ,  there  is a resonance a t  Oo, and 

the mode disappears .  The lower p a r t  of the  CMA diagram 

decreases  f u r t h e r  the angle  

"his 
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(charac te r ized  b y ~ > R i  ) conta ins  t h e  magneto- 
i o n i c  modes of Appleton and Har t ree .  

The l e f t  s i d e  of t h e  CMA diagram (d<L) rep- 

r e sen t s  i n  genera l  t h e  region where t h e  plasma i s  
so tenuous t h a t  t h e  displacement cur ren t  term 
is  g r e a t e r  than t h e  conduction cur ren t  termL)wY. 
I f  t h i s  condi t ion holds  we would expect t h e  wave 
t o  be much l i k e  an electromagnet ic  wave i n  f r e e  
space. This  i s  t h e  reason t h a t  t h e r e  a r e  t h r e e  
regions on t h e d L 1  s i d e  of t h e  diagram t h a t  a r e  
topologica l  spheres  a s  would be expected f o r  f r e e -  
space electromagnet ic  waves. There a r e  two regions 
on t h e  diagram where these  q u a l i t a t i v e  s ta tements  
do not hold.  These regions a r e  near t h e  cyclotron 
frequencies .  Along the  e l ec t ron  cyclotron cu tof f  

l i n e ,  f o r  example, the  conduction cu r ren t s  
perpendicular t o  Bo a r e  l a r g e  enough t o  cancel  

t h e  displacement cur ren t  ( f o r  t h e  mode with t h e  
e l e c t r i c  f i e l d  polar ized i n  t h e  same sense a s  

t h e  e l e c t r o n s )  and t h e  resonance occurs.  

s 

Thus t h e  CMA diagram is  a method f o r  c l a s s i f y -  
ing and descr ib ing  plasma waves over a broad domain 
of parameter space. Though t h e  model i s  very simple,  
t h e  diagram represents  an exce l l en t  framework on 
which t o  d isp lay  t h e  r e s u l t s  of t h e  more r e a l i s t i c  
theor ies .  
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FIGURE 1 

(Explanations on next page) 



Figure 1: CMA diagram for a two-component plasma. 

(Reprinted with permission of author and publisher from figure 2-1, 

page 30 of The Theory of Plasma Waves, T. H. Stix, McGraw-Hill 

Book Company, Inc., New York, 1962). The ion-to-electron mass 

i s  chosen to  be 4. Cross sections of phase velocity surfaces are sketched 

and labelled. For these sketches the direction of  the magnetic field 

i s  vertical. 

The labels R and L refer to  the electric field polarization 

for propagation at e = Oo. A wave i s  left handed polarized, (L), i f  

the electric f ield rotates in the same sense as the gyration of  positive 

particles in  the steady magnetic field. 

The labels 0 (ordinary) and X (extraordinary) refer to  the form 

of the dispersion relation at 8 = v2. The ordinary wave obeys n2 = P 

(independent o f  the magnetic field); the extraordinary wave obeys 

n2 = RL/S. 
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Communicat ion S y s t e m s  

( A b s t r a c t )  
b y  A l b e r t  H e d r i c h  

The l ec ture  d e a l t  w i t h  c o m p u t a t i o n s  o f  the p e r f o r m a n c e  

d a t a  o f  a c t i v e  c o m m u n i c a t i o n - s a t e l l i t e  s y s t e m s .  S e v e r a l  
s a t e l l i t e  s y s t e m s  w e r e  c o n s i d e r e d  and their  p e r f o r m a n c e  c o m -  
pa red .  The e f f e c t s  o f  i m p o r t a n t  p a r a m e t e r s  o n  the s y s t e m  

c h a r a c t e r i s t i c s  w e r e  e v a l u a t e d .  T h e s e  p a r a m e t e r s  i n c l u d e d  
a n t e n n a  and r e c e i v e r  n o i s e  t e m p e r a t u r e s ,  a n t e n n a  g a i n ,  band-  

w i d t h ,  m o d u l a t i o n  t e c h n i q u e s ,  s a t e l l i t e  a l t i t u d e  and d i s t r i -  

b u t i o n ,  and g round-  and s a t e l l i t e - t r a n s m i t t e r  powers .  A s  

e x a m p l e s ,  R e l a y ,  T e l s t a r ,  and Syncom w e r e  c o n s i d e r e d .  

T r a c k i n g  S y s t e m s  
( A b s t r a c t )  

b y  F r e d e r i c k  Vonbun 

An a n a l y s i s  was g i v e n  o f  a new r a n g i n g  s y s t e m  d e v e l o p e d  
b y  the Goddard S p a c e  F l i g h t  C e n t e r  f o r  t r a c k i n g  s a t e l l i t e s  

and s p a c e  p r o b e s .  Reasons  f o r  d e v e l o p i n g  t h i s  t r a c k i n g  s y s -  
t e m  i n  a d d i t i o n  t o  the M i n i t r a c k  Sys t em now i n  e x i s t e n c e  w e r e  
p r e s e n t e d .  T h i s  Range and Range R a t e  T r a c k i n g  Sys t em was 
d e s c r i b e d  and a n a l y z e d  i n  i t s  s i m p l e s t  form. The errors a s s o -  
c i a t e d  w i t h  the  t r a c k i n g  s y s t e m  w e r e  d i s c u s s e d  i n  more d e t a i l .  

I n  a d d i t i o n ,  the d i s c u s s i o n  c o v e r e d  the r e s u l t s  o b t a i n e d  i n  

t r a c k i n g  e x p e r i m e n t s  u s i n g  the NASA SYNCOM S a t e l l i t e  w h i c h  

seemed t o  j u s t i f y  the d e v e l o p m e n t  o f  t h i s  new t r a c k i n g  s y s t e m .  


